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The demand for industrial enzymes, particularly of microbial origin, is ever increasing 
owing to their applications in a wide variety of processes. Enzyme-mediated reactions 
are attractive alternatives to tedious and expensive chemical methods. Enzymes find 
great use in a large number of fields such as food, dairy, pharmaceutical, -detergent, 
textile and cosmetic industries. However, with the realization of the biocatalytic 
potential of microbial lipases in both aqueous and non-aqueous media for the last one 
and a half decades, industrial fronts have shifted towards utilizing this enzyme for a 
variety of reactions of immense importance. 
Lipases (EC 3.1.1.3) are ubiquitous enzymes belonging to the esterase class of 
hydrolases. Lipases from microorganisms have especially drawn much attention for 
their potential use in biotechnology, mainly due to their availability and stability. One 
feature of lipases important for organic synthesis is their recognition of enantiomeric 
molecules or enantiotopic groups on prostereogenic molecules with high 
enantioselectivity. Lipase-catalyzed kinetic resolution and asymmetrization processes 
are well documented in the literature. 
Development of lipase-based technologies for the synthesis of novel compounds is 
rapidly expanding the uses of these enzymes. There is a steadily increasing demand to 
identify, characterize and produce lipases for a variety of biotechnological applications 
with special emphasis on enantioselective biotransformations. Research on lipases is 
focused particularly on structural characterization, elucidation of mechanism of action, 
kinetics, sequencing and cloning of lipase genes, and general characterization of 
performance. Knowledge of their three-dimensional structures and the factors that 
determine their regiospecificity and enantiospecificity are traditionally essential to 
tailor lipases for specific applications. Therefore, access to a wider range of lipase types 
would be beneficial 
Modem genetic engineering techniques facilitate the economic production of pure 
enzymes and the preparation of tailor-made enzymes for specific applications. The 
genes of many bacterial lipolytic enzymes have been identified, cloned, expressed and 
the corresponding enzymes have been characterized. The cloning & hyper-expression 
of such enzymes would reduce the cost of enzyme production and make the process of 
enantiospccific resolution of racemic drugs/drug intermediates techno-economic and 
eco-friendly. Molecular cloning brings with it benefits such as a significantly reduced 
cost of enzyme production and possible simplifications of processing as a result of 
using purer enzyme preparations. Typically, the cloning process leads to over-
expression of the enzyme to levels, which may be hundreds of times that found in the 
wild-type strain, where the host cell can divert its protein synthesis such that the 
required enzyme constitutes up to 40% of the total cell protein. 
In the last ten years, the sequences and structures of many lipases have of mammalian 
and microbial origin have been elucidated and deposited in databases, such as EMBL, 
Swiss prot and Protein Data Bank. In addition, the physiochemical properties and 
substrate specificities of many lipases have been published. 
In this study a strain of Bacillus sublilis RRL BBl with a capacity to produce ester 
hydrolase enzyme (BBL) has been selected. The strain has been investigated for the 
production, purification, characterization and amino acid sequencing as well as cloning 
the gene encoding the ester hydrolase enzyme. 
The strain was identified as Bacillus subtilis by 16S rDNA sequence analysis. Whole 
cells of Bacillus subtilis RRL BBl and enzyme derived from it designated as BBL 
shows application in the kinetic resolution of several drug auxiliaries of varied 
chemical structures like racemic I-(phenyl) ethanol, 1-(4-methoxyphenyl) ethanol, 1-
(4-chlorophenyl) ethanol and l-(4-fluorophenyl) ethanol and racemic acids such as 2-
bromopropanoic acid and 2-hydroxy-4-phenyI butyric acid with moderate to high 
enantioselectivity. The enzyme demonstrated high preference for butyrates of 
secondary alcohols whereas in primary alcohols lower selectivity for butyrates and 
reversal of the enantiopreference was observed. In case of carboxylates moderate 
selectivity with general preference for i'-isomers was observed as is generally reported 
for serine proteases. The new enzyme thus offers tremendous potential of being a novel 
biocatalyst with wide substrate acceptability in biotechnology. 
The isolate Bacillus subtilis RRL BBl was an aerobic, rod-shaped mesophile that could 
grow within a temperature range of 29-40°C. Its specific growth rate during the 
exponential growth phase at 37°C was estimated to be 0.50 h"'. Bacillus subtilis RRL 
BBl grown on agar plates containing tributyrin as substrate showed clear hydrolysis 
zones while as agar plates containing Rhodamine B supplemented with olive oil as 
substrate showed poor activity. 
The time course of lipase production was followed at 37°C with cell growth. The lipase 
activity was observed to start soon after incubation and reached the maximum 
(65 lUg'') at the end of the exponential phase corresponding to 12 h of cultivation. The 
novel ester hydrolase produced by RRL BBl is not secreted extracellularly and 
accumulates in cells in an active form, making this ester hydrolase a unique enzyme. 
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Media optimization experiments at shake flask level showed that ester hydrolase 
production by Bacillus subtilis RRL BBl was significantly higher in LB than in other 
production media. Maximum ester hydrolase production of 58-65 lUg" wet cell mass 
was observed in LB in the late exponential growth phase which subsequently decreased 
to 50 lUg'" in the stationary phase. 
Effect of temperature on the growth of organism and ester hydrolase production was 
studied. The organism could grow and produce the enzyme at temperatures ranging 
from 29-40°C with maximum enzyme production occurring at 37°C. 
Effect of different carbon and nitrogen (organic and inorganic) sources on the growth 
and enzyme production oiBacillus subtilis RRL BBl was studied. BBL was maximally 
produced when the Bacillus subtilis RRL BBl was grown in LB medium containing 
1% (w/v) yeast extract. Enzyme production from Bacillus subtilis RRL BBl increased 
more than 4-fold by addition of 1% (v/v) of olive oil. 
The ester hydrolase from Bacillus subtilis RRL BBl was purified 213-fold employing a 
four-step procedure (ammonium sulphate precipitation, hydrophobic interaction 
chromatography and ion-exchange chromatography) to a measured final specific 
activity of 450 lUmg"' protein with a yield of 26%. The key purification step was the 
hydrophobic interaction chromatography on phenyl-Sepharose CL-6B that resulted in 
the increase in specific activity of about 35-fold. The purified enzyme seems to be a 
monomer with molecular mass of about -45 kDa as revealed by SDS-PAGE. 
The enzyme was characterized with respect to substrate specificity and kinetic 
properties. The purified enzyme was optimally active at pH 8.0 and 37°C. The enzyme 
was remarkably stable at pH 7.0-9.0 retaining 100% of the maximum activity at pH 7.0 
and more than 92% of the maximum activity at pH 8.0 and 9.0, respectively, after 24 h. 
The enzyme was, however, completely inactivated at acidic pH 4.0. The enzyme was 
found to be fairly stable up to 40°C. The stability of the enzyme decreased sharply 
above 40°C and complete loss of activity was observed upon 30-min incubation at 
50°C. 
Effect of different solvents, inhibitors and detergents on BBL was studied. About 
70-80% residual activity was observed when BBL was incubated in the presence of 
20% (v/v) of various organic solvents (methanol, ethanol, propanoi and acetone) at 
30°C for 30 min. However, significant loss of activity was observed in presence of 
acetone (60% v/v) and methanol (60% v/v) with residual activity of 44-46%, while as 
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almost complete inactivation was observed in presence of ethanoi (60% v/v) and 
propanol (60% v/v). The ester hydrolase activity was strongly inhibited when the 
enzyme was incubated with the serine reactive reagent PMSF (2mM). The enzyme was 
fairly insensitive to non-ionic detergents but was inhibited by SDS and cetrimide at a 
concentration of 0.1%. The divalent metal chelating agent EDTA (ImM) did not inhibit 
ester hydrolase activity significantly, indicating that BBL is not a metalloprotein. 
Bacillus subtilis RRL BBl lipase retained full lipase activity in the presence of 
disulphide bond reducing agents DTT and P-mercaptoethanol, but the activity 
decreased by 60% in presence of ascorbic acid (ImM). Oxidizing agents ammonium 
persulphate (ImM) and potassium iodide (ImM) had negligible effect on enzyme 
activity. 
The influence of both mono- and divalent metal ions at a concentration of ImM was 
studied. Mg^ "^ , Na"^ , Ca^ "^ , Ba^ "^  and Mn^ "^  had a negligible effect on the activity of the 
enzyme, however, significant loss of enzyme activity (>70%) was observed with Ag , 
Fe^^ Fe^^ Zn^ ^ and Cu^^ 
Among the various triglycerides substrates (C2-C18 acyl groups) examined, BBL 
showed preference for short chain triglycerides. The activity of BBL on triacetin was 
66% of that on tributyrin. Triglycerides of Cg to Cig were not hydrolyzed. Among the p-
nitrophenyl esters (C2-C16 acyl groups), BBL showed highest activity towards p-
nitrophenyl butyrate (C4 acyl group) and p-nitrophenyl acetate (C2 acyl group) with 
relative activities of 100 and 92%, respectively. With p-nitrophenyl palmitate (Ci6 acyl 
group), however, the enzyme failed to show any activity. 
The values of Km and Vmax of the purified ester hydrolase from Bacillus subtilis RRL 
BBl, using p-nitrophenyl butyrate and p-nitrophenyl caproate as calculated from the 
Lineweaver-Burk plot, was 0.045 mM, 166.66 lUml"' and 0.077 mM, 111.11 lUml"', 
respectively, while as that for triacetin and tributyrin was 0.196 mM, 37 lUml"' and 
2.22 mM, 23.8 lUml"', respectively. 
Attempts for cloning the gene encoding BBL from Bacillus subtilis RRL BBl was 
attempted by constructing the genomic library of the organism in Escherichia coli JM 
110 using pUC19 as the cloning vector. In the present study, chromosomal DNA of 
Bacillus subtilis RRL BBl was partially digested with Hind III and ligated to the 
linearised and dephosphorylated pUC19/Hind III. The ligated mixture was used to 
transform Escherichia coli JMl 10 by electroporation. Approximately 3,000 ampicillin 
resistant transformants were obtained. 
\ 
Screening of 3,000 clones resulted in the identification of two positive clones 
designated as BSl and BS2, which formed clearing zone on tributyrin agar plates. 
Lipase production in the wild-type strain Bacillus subtilis RRL BBl and recombinants 
BSl and BS2 resulted in the formation of a halo, which appeared after overnight' 
incubation, whereas the lipase-negative JMllO did not form any halo even after 48 h 
incubation. 
The insert size of DNA as determined by restriction digestion of the respective 
plasmids pBSl and pBS2 isolated from both the transformants was 1 kb and 4.5 kb, 
respectively. Further restriction digestion of pBS2 with EcoR I resulted in a 1.7 kb 
deletion of the insert generating a new plasmid pBS21. CFE derived from the disrupted 
cells assayed using tributyrin as substrate showed 0.25 lUg"' wet cell mass enzyme 
activity in Escherichia coli JMllO (pBSl) and 393 lUg'' wet cell mass enzyme activity 
in Escherichia coli JMl 10 (pBS21) but expression was 260 times less in BSl and 5-6 
times more in BS21 in comparison to the wild type strain of Bacillus subtilis RRL BB1. 
No apparent difference in the level of gene expression could be observed when 
Escherichia coli JMllO bearing plasmid pBS21 was grown either in presence or 
absence of IPTG (0.4 mM). This fact and the presence of promoter sequence upstream 
of the gene suggest that the native promoter and not the lac promoter control the 
expression of the ester hydrolase gene in the heterologous host. 
A three-step purification protocol was used to purify enzyme BSL21 from the cell free 
extract of Escherichia coli JMllO (pBS21). The cell free extract was subjected to 
ammonium sulphate precipitation followed by FPLC using phenyl-Sepharose CL-4B 
and Mono-Q resins. 
The specific activity of the purified enzyme was estimated to be 1735 lUmg"' protein. 
The enzyme was purified 152 fold with a yield of 28%. Purity of the enzyme was 
confirmed by the presence of a single band on SDS-PAGE gel. N-terminal sequence 
analysis showed the similarity of the purified protein with the mature enzyme BBL and 
with amino acid sequence deduced from the nucleotide sequence of the cloned gene. 
The specific activity of the enzyme BSL21 is approximately 5-6 times higher than that 
of wild type enzyme BBL. However, the enzyme BSL21 like BBL depicted similar 
cnantiopreference for S-isomer of 2-hydroxy-4-phenylbutane, an intermediate used in 
the synthesis of ACE inhibitors. 
> 
It can, therefore, be concluded that Bacillus subtilis RRL BBl produces two different 
ester hydrolases, the small molecular weight enzyme being produced extracellularly in 
undetectable quantities. 
The use of ester hydrolases for a variety of biotechnological applications is rapidly and 
steadily increasing. Many novel ester hydrolases genes are still to be identified and 
enzymes with new and exciting properties will be discovered. In parallel, the 
combination of optimized ester hydrolases with improved reaction conditions will lead 
to novel synthetic routes, allowing the production of high-value chemicals and 
pharmaceuticals. The new era of biocatalysis that has just started will undoubtedly see 
ester hydrolases as the biocatalysts of the future. 
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Chapter 1 
INTRODUCTION 
Lipases (triacylglycerol acylhydrolases; EC 3.1.1.3) are ubiquitous enzymes of 
considerable physiological significance and industrial potential. These enzymes 
catalyze the hydrolysis of triglycerides at the interface between the insoluble substrate 
and water (Brockman, 1984). 
The biological function of lipase is to catalyze the hydrolysis of triglycerides to yield 
glycerols and fatty acids by thermodynamically reversible reactions like: 
-H2O -H2O 
Triacylglycerol ^ ^ Diacylglycerol + Free fatty acid ^ ^ 
+H2O +H2O 
-H2O 
Monoacylglycerol + Free fatty acid ^ Glycerol + Free fatty acid 
+H2O 
A 'true' lipase is defined as a carboxyl esterase, which catalyzes the hydrolysis and 
synthesis of long-chain acylglycerols (>Cio) with trioleoylglycerol being the standard 
substrate, whereas esterases hydrolyze substrates with short-chain fatty acids (<Cio) 
(Verger, 1997). Lipases are serine hydrolases that are activated only when adsorbed to 
oil-water interface (Martinelle et al.. 1995) and display little activity in aqueous 
solutions containing soluble substrates implying that the kinetics can't be described by 
Michaelis-Menten equations. How lipases and lipids interact at the interface is still not 
entirely clear and is a subject of intense investigation (Balashev et al., 2001). In 
contrast, esterases show normal Michaelis-Menten kinetics in solution. 
In eukaryotes, lipases are involved in various stages of lipid metabolism including fat 
digestion, absorption, reconstitution, and lipoprotein metabolism. In plants, lipases are 
found in energy reserve tissues. Lipases from microorganisms have especially drawn 
much attention for their potential use in biotechnology, mainly due to their availability 
and stability. Multi-faceted microbial lipases have an unsurpassed role in swiftly 
growing modern biotechnology (Jaeger and Reetz, 1998). This potential is based on 
their ability to catalyze not only the h>drolysis of triglycerides but also their synthesis 
from glycerol and fatty acids, which may proceed with high specificity and 
enantioselectivity (Jaeger et al., 1996). These enzymes usually exhibit broad substrate 
specificity and degrade acyl p-nitrophenyl esters, Tweens and phospholipids, often with 
3 
positional selectivity, stereoselectivity, and chain length selectivity (Jaeger e( al., 
1994). Lipases are indispensable for the bioconversion of lipids (triacylglycerols) from 
one organism to another and within the organisms. In addition, they also catalyze 
alcoholysis, acidolysis and aminolysis. 
The lipase-catalyzed reactions may be broadly classified into three categories: 
(a) hydrolysis of esters (b) ester synthesis and (c) trans-esterification: 
(a) Hydrolysis of Ester 
O O 
R,-C-0R2 + H P • R,-C-OH + Rj-OH 
(b) Ester synthesis 
O O 
R,-C-OH + R2-OH • R,-C-0R2 + H2O 
(c) Trans-esterification Reactions 
i) Acidolysis 
0 0 0 0 
II II II II 
R,-C-0R2 + R3-C-OH • R,-C-OH + R3-C-OR2 
ii) Alcoholysis 
O O 
R,-C-OR2 + R3-OH • R,-C-OR3 + R2-OH 
iii) Ester exchange (inter-esterification) 
0 0 0 0 
Ri-C-OR, + R3-C-OR4 • R,-C-OR4 + R3-C-OR2 
iv) Aminolysis 
O O 
R1-C-OR2 + R3-NH2 • R,-C-NHR3 + R2OH 
In recent years, applications of lipases as biocatalysts in organic synthesis are becoming 
increasingly popular. Among the enzymes used in organic chemistry, lipases play the 
most important role mainly for the following reasons: (i) they catalyze the hydrolysis of 
esters in aqueous medium as well as esterification and transesterification in organic 
solvents, (ii) they accept a wide range of different substrates, and (iii) they do not 
require cofactors (Kazlauskas and Bornscheuer, 1998; Schmid and Verger, 1998; 
Jaeger and Reetz, 1998). These properties contribute to the lowering of costs in 
industrial conversions and justify the increasing interest for lipases and lipase-
producing strains for biotechnological applications (Schmidt-Dannert, 1999). 
The use of biological systems for production of optically enriched compounds has 
become an alternative to classical methodologies of chemical synthesis. 
Enantiomerically pure compounds are of rapidly increasing importance to the chemical 
industry being used as pharmaceuticals, agrochemicals, flavours and fragrances 
(Collins et al., 1992; Sheldon, 1993; Ahuja, 1997; Collins et al., 1997). This trend has 
several reasons: (i) biological activity is often restricted to one of the two enantiomers, 
(ii) the 'wrong' enantiomer may exert undesirable effects, and (iii) registration of new 
drugs requires the production of the desired enantiomer in pure form. The total sales 
volume for enantiopure pharmaceuticals alone was estimated to reach 100 billion $US 
for the year 2000 (Collins et al., 1997). Although not all of these can be expected to be 
prepared synthetically, the need to develop efficient methods to obtain chiral 
compounds enantioselectively constitutes a major challenge in current organic 
chemistry. The increasing awareness of the importance of chirality in the context of 
biological activity has stimulated a growing demand for efficient methods for industrial 
synthesis of pure enantiomers including chiral antiinflammatory drugs such as 
naproxen (Xin et al., 2001) and ibuprofen (Arroyo and Sinisterra, 1995; Lee et al., 
1995; Ducret et al., 1998; Xie et al., 1998; Chen and Tsai, 2000), antihypertensive 
agents such as angiotensin-converting enzyme (ACE) inhibitors (e.g., captopril, 
cnalapril. ccranopril, zofenapril, and lisinopril) and the calcium channel-blocking drugs 
such as diltiazem. The preparation of optically active enantiomers has been 
accomplished by using microorganisms (Yamamoto et al., 1991) or enzymes derived 
from them. Hydrolytic enzymes such as esterase and lipase have been widely used in 
synthesis of these drugs (Berglund and Hutt, 2000). One feature of lipases important for 
organic synthesis is their recognition of enantiomeric molecules or enantiotopic groups 
on prostereogenic molecules with high enantioselectivity. This important property can 
be used either in the case of a racemic chirai compound to achieve kinetic resolution 
with a theoretical yield of 50% or in the case of a prochiral or meso compound to 
achieve asymmetrization in quantitative yield. Lipase-catalyzed kinetic resolution and 
asymmetrization processes are well documented in the literature (Kazlauskas and 
Bomscheuer, 1998). 
In fact, the last quarter of the twentieth century has witnessed an unprecedented 
advances in lipases into the novel horizons of biotechnology in tandem with already 
established fields of pharmaceuticals, pesticides and, more recently, in the production 
of single-cell protein and cosmetics, in waste disposal and in biosensor modulations. 
Because of their wide-ranging significance, lipases remain a subject of intensive study 
(Alberghina et ai, 1991; Bezzine et al, 1998; Bomscheuer, 2000). Research on lipases 
is focussed particularly on structural characterization, elucidation of mechanism of 
action, kinetics, sequencing and cloning of lipase genes and general characterization of 
performance (Alberghina etai, 1991; Bomscheuer, 2000). 
Knowledge of their three-dimensional structures and the factors that determine their 
regiospecificity and enantiospecificity are traditionally essential to tailor lipases for 
specific applications. Therefore, access to a wider range of lipase types would be 
beneficial (Clausen, 1997). To date, a large number of lipases from filamentous fungi 
have been extensively studied, both from the biochemical and from the genetic point of 
view. The most productive species belong to the genera Geotrichum, Penicillium, 
Aspergillus and Rhizomucor (Stocklein et al., 1993; Miura and Yamane, 1997). There 
are also a certain number of lipases produced by yeasts, most of them belonging to the 
Candida genus, that have been used for biotechnological purposes (Tomizuka et ai, 
1966; Lotti et al., 1993). Lipases from unicellular bacteria, mainly those produced by 
various species of the genus Pseudomonas, have also proved to be useful both in 
organic reactions and in the detergent industry. Many of them have been purified, 
characterized and their encoding genes cloned (Jaeger et al., 1996). By contrast, and 
despite its high biotechnological interest for the production of secondary metabolites 
and enzymes, the actinomycetes have not been widely exploited for lipase studies and 
there is little information available concerning lipase-producing actinomycetes (Sztajer 
et al., 1988; Cruz et al., 1994). Among lipase-producing bacteria, several Bacillus 
species have been shown to possess a lipolytic system well suited for biotechnological 
applications (Jaeger et al, 1999) and lipases from Bacillus pumilus (Moeller et al. 
1991), Bacillus subtilis (Dartois et ai, 1992; Eggert et al., 2000), Bacillus 
thermocatenulatus (Schmidt-Dannert et ai, 1996), Bacillus stearothermophilus (Kim et 
ai, 1998; Kim et ai, 2000), Bacillus thermoleovorans (Lee et al, 1999) or Bacillus 
licheniformis (Nthangeni et al, 2001) have already been described, purified or cloned. 
The increasing interest for bacterial lipases and new lipase-producing Bacillus strains 
led us to perform the analysis of Bacillus subtilis RRL BBl lipolytic system. 
A strain of Bacillus subtilis RRL BBl, producing an enantioselective ester hydrolase 
designated as BBL, was isolated from the garden soil of RRL Jammu. In this study 
isolation, purification and physiochemical characterization of BBL was carried out. The 
BBL enzyme shows application in the kinetic resolution of several racemates including 
drug intermediates, exhibiting high enantioselectivity (ee ~99 %) with acyl derivatives 
of unsubstituted and substituted 1-(phenyl) ethanols and l-(6-methoxy-2-
naphthyl)ethanols. In addition, a putative gene encoding lipase was cloned using direct 
expression and the corresponding protein purified. 
Chapter 2 
REVIEW OF 
LITERATURE 
Sources of lipase 
Although lipases are of widespread occurrence throughout the earth's flora and fauna, 
they are found more abundantly in microbial flora comprising bacteria, fungi and yeast 
(Jaeger et ai, 1994; Rapp and Backhaus, 1992). They are also found in the pancreas of 
mammals such as pigs and humans and in higher plants such as castor bean (Lombard 
et al., 2001) and rapeseed (Hills et al., 1990). In the field of biotechnology, much 
attention has been paid to the use of lipases of microbial origin. Although 
commercially available ester hydrolases are produced from a large number of microbial 
strains like Candida spp., Pseudomonas spp. and Rhizopus spp., Candida rugosa has 
been termed the most frequently used organism for lipase synthesis (Benjamin and 
Pandey, 1998). Table lA lists those microbial lipases that appear to be the most widely 
used in biotechnology. 
Isolation and screening of lipase-producing microorganisms 
Lipase-producing microorganisms have been found in diverse habitats such as 
industrial wastes, vegetable oil processing factories, dairies, soil contaminated with oil, 
oilseeds and decaying food (Sztajer et al., 1988), compost heaps, coal tips and hot 
springs (Wang et al., 1995). A simple and reliable method for detecting lipase activity 
in microorganisms has been described by Sierra (1957). This method uses the 
surfactant Tween 80 in a solid medium to identify lipolytic activity. The formation of 
opaque zones around the colonies is an indication of lipase production by the 
organisms. Modifications of this assay use various Tween surfactants in combination 
with Nile blue or neet's foot oil and Cu^ "^  salts. Also, screening of lipase producers on 
agar plates is frequently done by using tributyrin as a substrate (Cardenas et al., 2001b) 
and formation of clear zones around the colonies indicate production of lipase. 
Screening systems making use of chromogenic substrates have also been described 
(Yeoh et al., 1986). Wang et al. (1995) used plates of a modified Rhodamine B agar 
with triolein/olive oil as the substrate to screen lipase activity in a large number of 
microorganisms. Other versions of this method have been reported (Kouker and Jaeger, 
1987). 
Table lA 
Some commercially available microbial lipases 
Type 
Fungal 
Bacterial 
Source 
Candida nigosa 
Candida 
antarctica 
Thermomyces 
lanuginosus 
Rhizomucor 
miehei 
Burkholderia 
cepacia 
Pseudomonas 
alcaligenes 
Pseudomonas 
mendocina 
Chromobacterium 
viscosum 
Application 
Organic 
synthesis 
Organic 
synthesis 
Detergent 
additive 
Food 
processing 
Organic 
synthesis 
Detergent 
additive 
Detergent 
additive 
Organic 
synthesis 
Producing company 
Amano, Biocatalysts, Boehringer 
Mannheim, Fluka, Genzyme, Sigma 
Boehringer Mannheim, Novo 
Nordisic 
Boehringer Mannheim, Novo 
Nordisk 
Novo Nordisk, Biocatalysts, Amano 
Amano, Fluka, BoehringerMannheim 
Genencor 
Genencor 
Asahi, Biocatalysts 
Novel lipases 
Novel microbial lipases have been isolated, including extremozymes from both 
thermophilic and psychrophilic species (Demirjian et al, 2001). Several thousand 
microbial samples isolated from soil were tested by screening on solid and liquid media 
for the production of lipases, revealing that about 20% were lipase-producers. 
Taxonomic identification resulted in the description of so far unknown lipase-
producing species, including filamentous fungi, yeast and bacteria. These lipases were' 
extensively characterized with respect to their hydrolytic and synthetic capacities and 
also with respect to their enantioselectivities towards artificial substrates, such as 
carboxylic acids, alcohols and amines including the kinetic resolution of racemic (R, 
S)-ibuprofen and (-)-menthol as high-value substrates (Cardenas et al., 2001a; Cardenas 
era/., 2001b). 
Classification of bacterial lipases 
Classification of enzymes can be done either based on their substrate specificity or by 
sequence alignments. The former requires that all enzymes that need to be compared 
have been assayed with the same or at least related substrates, preferentially under 
similar reaction conditions. Although this would allow the (bio-)chemist to directly 
identify a suitable enzyme for a given synthetic problem, this is not a common strategy. 
Due to the increasing availability of sequence information in public databases, the 
comparison of amino acid sequences can provide a clearer picture about the 
evolutionary relationship between enzymes of different origin. On the other hand, it 
often turns out that high sequence homology cannot be related to the enzymes 
properties (substrate specificity, stereoselectivity, pH and temperature optima, solvent 
stability) and in some cases completely different types of reactions are catalyzed. For 
instance, a bromoperoxidase from Streplomyces aureofaciem shares -55% sequence 
identity to an esterase from Pseudomonas fliiorescens (Pelletier and Altenbuchner, 
1995; Hecht et al., 1994) but they share little substrate specificity. 
Until a few years ago. it was believed that for all lipases and carboxylesterases only the 
consensus sequence motif Gly-X-Ser-X-Gly (where X represents an arbitrary amino 
acid residue) occurs around the active site serine. Indeed, most lipases and esterases 
contain this motif More recently, a thorough comparison of 53 amino acid sequences 
of lipases and esterases revealed that other motifs also exist and a framework to classify 
bacterial lipases was provided by grouping them into eight families on the basis of 
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conserved sequence motifs and biological properties (Arpigny and Jaeger, 1999). 
Meanwiiile, several extensions of the original classification scheme have been proposed 
(Nthangeni et ai, 2001; Eggert et ai, 2002). 
Family I comprise a total of 22 members subgrouped into 6 subfamilies. Subfamilies 
1.1 and 1.2 extend the previously described Pseudomonas group I and II lipases encoded 
in an operon together with their cognate intramolecular chaperones, which have been 
designated Lif (lipase-specific foldases) (Jaeger et ai, 1994). However, such specific 
helper proteins have yet not been described for Pseudomonas fluorescens C9, 
Pseudomonas fragi, Proteus vulgaris and Pseudomonas luteola. Both subfamilies share 
important structural features: the catalytic triad is composed of Ser-His-Asp and also a 
consensus sequence (Gly-X-Ser-X-Gly) is found around the active site serine. Apart 
from the residues forming the catalvlic triad, two aspartic residues involved in the Ca^*-
binding site described in the crystal structures are found at homologous positions in all 
sequences. Two cysteine residues forming a disulphide bridge are conserved in 
majority of the sequences. Because the residues involved in the formation of both the 
Ca^^-binding site and the disulphide bridge are located in the vicinity of the catalytic 
His and Asp residues, they are believed to be important in the stabilization of the active 
center of these enzymes (Kim et ai, 1997). Subfamily 1.3 contains enzymes from at 
least two distinct species: Pseudomonas fluorescens and Serratia marcescens. These 
lipases have in common a higher molecular mass than lipases from subfamilies I.l and 
1.2 {Pseudomonas fluorescens, 50 kDa; Serratia marcescens, 65 kDa) and the absence 
of an N-terminal signal peptide and of cysteine residues. 
Subfamily 1.4 contains the 19 kDa lipases and esterases from the mesophilic or 
moderately thermophilic strains Bacillus subtilis. Bacillus pumilus and Bacillus 
licheniformis with protein sequence identities of around 75%. The former subfamily 
1.5, which contained lipases from the genera Bacillus and Staphylococcus exclusively, 
contains lipases from thermophilic Bacilli now renamed GeoBacillus, namely 
GeoBacillus stearothermophilus. GeoBacillus thermocatenulatus and GeoBacillus 
thermoleovorans. All these Bacillus lipases share a conserved Ala-X-Ser-X-Gly 
pentapeptide that contains the catalytic serine residue. The alanine in this pentapeptide 
replaces the first glycine residue of the canonical Gly-X-Ser-X-Gly lipase consensus 
motif 
The lipases from Staphylococcus aureus. Staphylococcus hyicus and Staphylococcus 
epidermidis constitute subfamil\ 1.6, which additionally contains lipases from 
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Staphylococcus haewolyticus, Staphylococcus xylosus and Staphylococcus warneri. 
Accordingly, the lipases from Propionibacterium acnes and Streptomyces cinnamomus 
were moved to subfamily 1.7. The enzymes from Propionibacterium acnes and from 
Streptomyces cinnamoneus show significant similarity to each other (39% identity, 
50% similarity). The central region of these proteins is approximately 50% similar to 
lipases from Bacillus subtilis and from subfamily 1.2. 
The enzymes grouped in family II do not exhibit the conventional pentapeptide Gly-X-
Ser-X-GIy but rather display a Gly-Asp-Ser-Leu (GDSL) motif containing the active-
site serine residue. In these proteins this important residue lies much closer to the N-
terminus than in other lipolytic enzymes (Upton and Buckley, 1995). Determination of 
the three-dimensional structure for the Streptomyces scabies enzyme indicated that the 
tertiary fold of esterases belonging to this family might be substantially different from 
the ct/p hydrolase fold found in most lipases. An interesting feature of the GDSL 
esterases from Pseudomonas aeruginosa. Salmonella typhimurium and Photorhabdus 
luminescens is an additional C-terminal domain that encompasses approximately one-
third of their entire sequence and is similar to that of a newly identified family of 
autotransporting bacterial virulence factors (Loveless and Saier, 1997; Henderson et al., 
I998;Wilhelme/a/., 1999). 
The members of family III contain extracellular lipases from Streptomyces spp. and the 
psychrophilic strain of Moraxella sp. Members of family IV belong to the group of 
cold-adapted lipases exhibiting similarity to mammalian hormone-sensitive lipases 
(Langin et al., 1993). Here, conserved sequence blocks were found, which initially 
have been related to activity at low temperature. However, it was found that esterases 
from psychrophilic (e.g. Moraxella sp., Psychrobacter immobilis) as well as mesophilic 
{Escherichia coli) and thermophilic {Archeoglobus fulgidus) origins belong to this 
family. They contain the active-site serine residue in a consensus pentapeptide 
Gly-Asp-Ser-Ala-Gly, which is located close to the N-terminus of the protein and, in 
addition, they have another strictly conserved His-Gly-Gly-Gly motif of unknown 
function located immediately upstream of the active site consensus motif. 
Enzymes grouped in family V originate from mesophilic bacteria {Pseudomonas 
oleovorans, Haemophilus influenzae, Acetobacter pasteurianus) as well as from 
cold-adapted {Moraxella sp., Psychrobacter immobilis) or heat-adapted {Sulfolobus 
acidocaldarius) organisms. They share significant amino acid sequence similarity 
(20-25%) to various bacterial non-lipolytic enzymes, namely epoxide hydrolases. 
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dehalogenases and haloperoxidases, which also possess the typical a/[3 hydrolase fold 
and a catalytic triad (Verschueren e( al., 1993). 
Family VI lists esterases that have partly been identified from genome sequences 
{Synechocystis sp., Chlamydia trachomatis). These esterases are small proteins (23-26 
kDa) presumably located in the bacterial cytoplasm with similarity to mammalian 
lysophospholipases. 
A number of rather large bacterial esterases (55 kDa) belonging to the family VII share 
significant homology (30% identity, 40% similarity) with eukaryotic acetylcholine 
esterases and intestine/liver carboxylesterases. A p-nitrobenzyl esterase from Bacillus 
subtilis (Zock et a!., 1994; Moore and Arnold, 1996) and an esterase from Arthrobacler 
oxydans active against phenylcarbamate herbicides (Pohlenz et al., 1992) belong to this 
group. In the last family, VIII, high homology to class C P-lactamases is observed. 
These enzymes contain a Gly-X-Ser-X-Gly motif and a Ser-X-X-Lys motif, but it has 
recently been demonstrated by site-directed mutagenesis studies of an esterase (EstB) 
from Burkholderia gladioli that the Gly-X-Ser-X-Gly motif does not play a significant 
role in enzyme function (Petersen et al., 2001). The most prominent member is an 
esterase from Arthrobacter globiformis (Nishizawa et al., 1995), which 
stereoselectively forms an important precursor of pyrethrin insecticides. 
Production and media development for lipase 
Nearly 100 years ago the microbiologist Eijkmann (1901) reported that several bacteria 
could produce and secrete lipases. The industrial deployment of lipases can either be in 
situ by cultivating the desired microorganism in the medium with a suitable substrate 
(especially in the food and tanning industries) or by ex situ application by using 
purified commercial lipases. Solid-state or submerged fermentation technologies are 
generally employed in the former case, whereas the latter requires the use of 
immobilized enzymes in abundance (Benjamin and Pandey, 1998; Arroyo et al., 1999). 
Although microbial lipases have traditionally been produced in submerged 
fermentation, much attention has recently been paid to enzyme production in solid-state 
fermentation (Pandey et al., 1999; Chisti, 1999). Solid-state fermentation offers several 
advantages over liquid fermentation, including higher product titers, simpler growth 
and production media, concentrated product, simpler isolation techniques and minimal 
generation of liquid waste (Pandey, 1992). Various procedures have been used for the 
production of lipases by a large number of organisms by submerged fermentation 
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(Saiki et al, 1968; Espinosa et al, 1990; Ito et al., 2001). Immobilized cell culture has 
been used in a few cases (Hemachander et al, 2001). 
Many studies have been undertaken to define the optimal culture and nutritional 
requirements for lipase production by submerged culture. Lipase production is 
influenced by the type and concentration of carbon and nitrogen sources, the pH of the 
culture medium, the growth temperature and the dissolved oxygen concentration 
(Elibol and Ozer, 2001). Lipidic carbon sources seem to be generally essential for 
obtaining a high lipase yield, however, few authors have produced good yields in the 
absence of fats and oils. 
Effect of carbon sources 
Different carbohydrate and lipidic carbon sources have been used by different workers 
for the optimum production of lipases from different microorganisms. Sugihara et al. 
(1991) reported lipase production from Bacillus sp. in the presence of 1% (v/v) olive oil 
in the culture medium. Little enzyme activity was observed in the absence of olive oil 
even after prolonged cultivation. Fructose and palm oil were reported to be the best 
carbohydrate and lipid sources, respectively, for the production of an extracellular 
lipase by Rhodotorula glutinis. When the two carbon sources were compared, palm oil 
at a concentration of 2% (v/v) was found to yield 12-fold more lipase than the fructose 
medium (Papaparaskevas et al., 1992). A specific activity of 7395 Umg"' protein was 
observed for alkaline lipase (pH 8.5) produced by Pseudomonas fluorescem SIK Wl in 
a medium that contained emulsified olive oil as the carbon source (Lee et al., 1993). 
Similarly, an alkaline lipase from Penicillium expansum yielded maximum activity 
when the biomass was grown in an oil-containing medium {0.1% (v/v) olive oil} at pH 
8.3(Sztajere/a/., 1993). 
Production of a thermostable lipase from thermophilic Bacillus sp. strain Wai 28A 45, 
in the presence of tripalmitin at 70°C, was described by Janssen et al. (1994). Media 
with tripalmitin, tristearin and trimystin as carbon sources were tested and tripalmitin 
was found to be the best inducer of lipase activity. Gao and Breuil (1995) compared 
different plant oils for lipase production from the sapwood staining fungus Ophiostoma 
piceae. High levels of lipase activity were obtained when vegetable oils (olive, 
soybean, sunflower, sesame, cotton seed, com and peanut oil) were used as the carbon 
source. Maximum lipase production occurred when olive oil was used. Similarly, a 
thermophilic Bacillus strain A30-1 (ATCC 53841) produced maximal levels of 
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thermostable alkaline lipase when corn oil and olive oil {!% (v/v)} were used as 
carbon sources (Wang et ai, 1995). Gordillo et al. (1995) observed that lipase 
production from Candida rugosa in batch culture was affected by the initial 
concentration of oleic acid - one of the major products of hydrolysis of the lipase 
inducers (oils, Tween 80, etc.) used. The maximum lipase/substrate yield was obtained 
at an initial oleic acid concentration of 2 gL"' and the yield decreased at higher 
concentrations of oleic acid. Several other studies confirm enhanced lipase production 
when oils are used as enzyme inducers. Lin et al. (1996) produced an alkaline lipase 
from Pseudomonas pseudoalcaligenes F-111 in a medium that contained both olive oil 
{0.4% (v/v)} and Triton X-100 (0.2% (v/v)}. The addition of Triton X-100 enhanced 
the alkaline lipase production by 50-fold compared to using olive oil alone. The 
addition of various kinds of oils to the medium for Rhizopus oryzae increased both the 
lipase activity and cell growth up to three fold compared to results in a lipid-free 
medium (Essamri et ai, 1998). Rapeseed and corn oil were the most suitable substrates 
for cell growth and lipase production (Essamri et ai, 1998). The oil concentration for 
optimal biomass growth was 3% (v/v), but optimal production of lipase occurred at 2% 
(v/v) oil concentration. 
Because of their use in alkaline detergents, alkalostable lipases are especially sought 
after. An alkaline lipase was produced by Pseudomonas alcaligenes M-1 in a medium 
with citric acid and soybean oil as substrates in the batch and fed-batch phases, 
respectively (Gerritse et ai, 1998). This lipase had excellent capability for removing 
fatty stains in an alkaline environment. Kim et ai (1998) reported production of a 
highly alkaline thermostable lipase by Bacillus stearothermophilus LI in a medium that 
contained beef tallow and palm oil. The yeast Candida rugosa has been shown to 
secrete an extracellular lipase (Lotti et ai, 1998) whose production can be induced by 
adding fatty acids to the culture broth. This lipase is composed of several isoforms with 
slightly differing catalytic properties. Lipase production could be induced by adding 
oleic acid as the carbon source. In the same yeast, the production of a constitutive 
lipase was induced by using glucose as the carbon source (Lotti el ai, 1998). 
Pseudomonas aeruginosa KKA-5 produced the maximal lipase activity when castor oil 
{2%(v/v)} was used as the carbon source at pH 6.9 (Sharon et ai, 1998). 
A thermophilic bacterium. Bacillus thermoleovorans ID-1, isolated from hot springs in 
Indonesia, showed extracellular lipase activity and high growth rates on lipid substrates 
at elevated temperatures (Lee et ai, 1999). Using olive oil {1.5% (v/v)} as the sole 
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carbon source, the isolate ID-1 grew rapidly at 65°C (specific growth rate of 2.5 h"') 
and its lipase activity attained a maximum value of 520 UL"' during the late exponential 
growth phase. The isolate ID-1 could grow on a variety of lipidic substrates such as oils 
(olive, soybean and mineral oils), triglycerides (triolein and tributyrin) and synthetic 
surfactants (Tweens 20 and 40). In view of the reports reviewed, the production of 
lipase is mostly inducer-dependent and in many cases, oils act as good inducers of the 
enzyme. 
Maia et al. (2001) have investigated lipase from a Brazilian strain of Fusarium solani 
FSl. The effect of different carbon sources and trace elements added to basal medium 
was observed with the aim of improving enzyme production. Lipase specific activity 
was highest (0.45 Umg"') for sesame oil. When this medium was supplemented with 
trace elements using olive oil, com oil and sesame oil the lipase specific activity 
increased to 0.86, 1.89 and 1.64 Umg"', respectively, after 96 h cultivation without any 
considerable biomass increase. Lipase activity increased in the presence of increasing 
concentrations of hexane and toluene. 
Effect of nitrogen sources 
Large number of different natural and synthetic nitrogen sources has been tried for the 
optimum growth and lipase production from different microorganisms. Lipolytic 
enzyme from Pseudomonas aeruginosa was produced in a semi-solid medium prepared 
by adding lonagar No.2 to a liquid medium containing 2% (w/v) Trypticase, 0.08% 
(v/v) Ediol and 0.5% (w/v) glucose in O.IM phosphate buffer, pH 7.0 (Finkelstein et 
al., 1970). This technique was adopted because production of lipolytic activity was 
consistently higher in semi-solid than in liquid media, even when shallow layers of the 
latter were used. 
Maximum production of an extracellular lipase from Penicillium citrinum was obtained 
in a medium containing 5% (w/v) peptone (pH 7.2). Other nitrogen sources like corn 
steep liquor and soybean meal also stimulated lipase production but to a lesser extent 
than peptone, however, urea and ammonium sulphate significantly inhibited lipase 
synthesis (Sztajer and Maliszewska, 1989). Similarly thermostable lipase of 
Pseudomonas sp. KWl-56 was produced optimally in a medium that contained peptone 
{2% (w/v)} and yeast extract {0.1% (w/v)} as nitrogen sources (lizumi et al, 1990). 
Acremonium stnictum produced a large amount of lipase under stationary conditions in 
a medium containing {35% (w/v)} soybean meal as the nitrogen source (Okeke and 
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Okolo, 1990). Generally high yields of lipase are produced by microorganisms when 
organic nitrogen sources are used. One exception reported is Rhodotorula glutinis 
(Papaparaskevas et al, 1992). Although good growth oi Rhodotorula glutinis seems to 
require organic nitrogen sources (e.g., yeast extract and tryptone), an inorganic nitrogen 
source such as ammonium phosphate appears to favor lipase production 
(Papaparaskevas et al, 1992). 
Similarly consistently high levels of lipase are produced by the thermophilic fungi like 
Rhizopus oryzae, Emericella rugulosa, Humicola sp., Thermomyces lanuginosus, 
Penicillium purpurogenum and Chrysosporium sulfureum with the medium containing 
peptone or yeast extract as the nitrogen source (Venkateshwarlu and Reddy, 1993; 
Salleh et al., 1993). Production of intracellular lipase by Rhizopus oryzae was not 
particularly sensitive to the organic nitrogen source used (tryptone, tryptic digest, corn 
steep liquor, polypeptone). 
A Brazilian strain of Penicillium citrinum produced a maximal lipase activity of 409 
lUml'' in a medium that contained yeast extract {0.5% (w/v)} as the nitrogen source 
(Pimentel et al, 1994). A decrease in yeast extract concentration reduced the attainable 
lipase activity. Replacement of yeast extract with ammonium sulphate diminished 
lipase production. Aspergillus oryzae produced maximal alkaline lipase in a medium 
that contained yeast extract {1% (w/v)}, polypeptone {2% (w/v)} and soybean meal 
{3% (w/v)} as nitrogen sources (Ohnishi et al, 1994). Another strain of Aspergillus 
niger produced lipase in a lipid-free medium but required an inducer for improved 
production (Pokorny et al, 1994). Lipase production increased when the medium was 
supplemented with an inorganic nitrogen source, ammonium nitrate (Pokorny et al, 
1994). Similarly, the addition of ammonium sulphate and peptone to the medium 
enhanced lipase production by the fungus Ophiostomapiceae (Gao and Breuii, 1995). 
Wang et al (1995) reported production of a highly thermostable alkaline lipase by 
Bacillus strain A 30-1 (ATCC 53841) in a medium that contained yeast extract {0.1% 
(w/v)} and ammonium chloride {1% (w/v)} as nitrogen sources. Cordenons et al. 
(1996) examined various nitrogen sources for producing extracellular lipase from 
Acinetobacter calcoaceticus. Use of amino acids and tryptone improved the lipase yield 
by a factor of 2 or 3 when compared to the use of ammonium, yeast extract and 
protease peptone. However, lipase yield and stability could be improved by 
supplementing the preferred organic nitrogen source with ammonium. Lin et al. (1996) 
reported an extracellular alkaline lipase produced by Pseudomonas alcaligenes F-111 
in a medium that contained soybean meal {1% (w/v)}, peptone {1.5% (w/v)} and yeast 
extract {0.5% (w/v)}. 
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Corn steep liquor {7% (v/v)} was an optimal nitrogen source for intracellular lipase 
production by the fungus Rhizopus oryzae (Essamri et ai, 1998). At concentrations 
greater than 7% (v/v), corn steep liquor caused a rapid decline in cell growth and lipase 
production. Pseudomonas aeruginosa KKA-5 produced an extracellular lipase in a 
medium composed of polypeptone {4% (w/v)} and yeast extract {0.05% (w/v)} 
(Sharon et al, 1998). Hiol et al. (2000) isolated a lipolytic strain of Rhizopus oryzae 
that yielded a high extracellular lipase activity in a medium composed of corn steep 
liquor {4% (v/v)} and peptone {1% (w/v)} as nitrogen sources. 
Purification of lipases 
Microbial and mammalian lipases have been purified to homogeneity, allowing the 
successful determination of their primary amino acid sequence and, more recently, of 
the three-dimensional structure. Many lipases have been extensively purified and 
characterized in terms of their activity and stability profiles relative to pH, temperature, 
effects of metal ions, solvents, detergents, protease inhibitors and chelating agents. 
Different methodologies have been adopted by investigators to purify lipase to 
homogeneity from different microbial strains. The development of column 
chromatographic techniques has greatly facilitated the purification of lipases. 
Purification protocols include the combination of precipitation (acid, solvent or salt), 
ion-exchange chromatography, hydrophobic interaction chromatography and gel 
filtration by conventional methods or FPLC. Affinity chromatography has been used in 
some cases to reduce the number of individual purification steps needed (Woolley and 
Peterson, 1994). 
Chromobacterium lipases 
A potent bacterium for lipase production was isolated from soil and identified as 
Chromobacterium viscosum (Yamaguchi et al., 1973). The crude lipase preparation 
contained more than two species of lipase that differed from each other in molecular 
weight and isoelectric point (Sugiura et at., 1974). The crude enzyme preparation 
containing the two lipases was obtained with fractional precipitation with ethanol (50-
80%) from the culture broth of C. viscosum. Another method for purification of the 
crude enzyme from the culture broth of C. viscosum was based on the affinity of the 
lipase for palmitoyi cellulose (Horiuti and Imamura, 1977). This procedure was found 
to be simple and effective, especially for large-scale purification of the lipase. The 
crude lipase obtained by fractional precipitation (50-80%) with ethanol was purified by 
chromatography on a palmitoylated gauze column with an overall recovery of 71% and 
an increase of 11-fold in the specific activitv' over the supernatant fluid of bacterial 
cultures. The lipase of C. viscosum in the crude enzyme preparation was specially 
adsorbed on glass beads coated with various hydrophobic materials (Isobe and Sugiura, 
1977b). The enzyme adsorbed on a column with siliconized glass beads was not 
denatured and was eluted with 0.1% (w/v) Triton X-100. By this method, C. viscosum 
lipases were purified 1000-fold in one step and showed two protein bands in disc 
electrophoresis, both with lipolytic activity. This purification method was more 
effective and simple than the affinity chromatography method reported earlier. 
Selective separation and purification of a lipoK'tic preparation from C. viscosum were 
carried out by liquid-liquid extraction using a reversed micelllar system (Vicente et al, 
1990; Aires and Cabral, 1991). When techniques with organic solvents are limited by 
protein denaturation and solubilization, the use of liquid-liquid extraction of 
biomolecules employing reversed micelles is a promising solution (Castro and Cabral, 
1988; Krieger et al., 1997; Naoe et al.. 1999). This method involves a very simple 
procedure and requires only two steps. The first step is based on the ability of reversed 
micelles to solubilize proteins from an aqueous phase into the water pool of the 
surfactant aggregates. In the second step, the solubilized proteins are back-extracted 
into a new aqueous phase by changing the interactions between the protein and the 
reversed micellar system. Also, extraction of C. viscosum lipase from aqueous solution 
was carried out in AOT/span 60 and in AOT/Tween-85-mixed reversed micelle 
systems (Yamada et al., 1994). Span 60 solubilized in the water pool of AOT micelles 
without any change in micelle shape, while Tween-85 incurred an elongation of the 
micelle shape. The activity of lipase improved by addition of Tween-85 and lipase 
activity was maximum when the molar ratio of AOT to Tvveen-85 was 3:2-4:1. Diogo 
et al. (1999) reported the fractionation of C viscosum lipase using a polypropylene 
glycol Sepharose gel. Adsorption of the lipase on the gel depended on the salt 
concentration and the ionic strength of the mobile phase. A mobile phase of 20% (w/v) 
ammonium sulphate in phosphate buffer produced total retention of lipase on the 
column. The lipase could be desorbed easily by decreasing the ionic strength of the 
buffer (Diogo e/o/., 1999). 
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Pseudomonas lipases 
Nakagawa et al. (1983) purified an intracellular esterase from Pseudomonas 
fluorescens to an electrophoretically homogeneous form by ammonium sulphate 
precipitation followed by successive chromatographies on DEAE-Cellulose and 
ben2ylamine-Agarose. Steur et al. (1986) purified lipase, present as high molecular 
weight aggregate (Mr 5,00 kDa) consisting of proteins and lipopolysaccharides, from 
the culture supernatant of Pseudomonas aeruginosa. These aggregates were dissociated 
by solubilization of the concentrated culture supernatant with zwitterionic detergent 
CHAPS. The solubilized enzyme was then purified by isoelectric focussing in an 
agarose gel. This research group had been interested in characterizing the enzyme to 
determine whether the lipase made any contribution to the pathogenic properties of the 
bacteria. Pseudomonas fragi, a soil isolate produces a lipase that was purified by 
acidification of the culture supernatant by adding HCI, ammonium sulphate 
precipitation and chromatography on DEAE-Toyopearl 650 M and DEAE-Sepharose 
CL-6B. The lipase was purified 68-fold with 48% recovery from the culture 
supernatant of the Pseudomonas fragi (Nishio et al., 1987). This relatively high 
recovery of the lipase activity was probably due to its high stability and fine seperation 
from the column caused by adding Triton X-100 to the elution buffer on the DEAE-
Sepharose CL-6B chromatography. 
A Pseudomonas strain producing a suitable lipase for the hydrolysis of castor oil was 
isolated from the soil. The lipase was purified by ammonium sulphate precipitation and 
chromatographies on DEAE-cellulose and DEAE-Toyopearl 650 M. The enzyme was 
purified about 400-fold with a yield of 13% (Yamamoto and Fujiwara, 1988). The 
lipase from Pseudomonas sp. KWl-56 was purified by acetone precipitation and gel 
filtration. The purification factor was 13.9, but the overall recovery was only 2.9% 
(lizumi et al, 1990). A very hydrophobic lipase from Pseudomonas sp. strain ATCC 
21808 was purified by chromatography on Q-Sepharose in the presence of n-octyl-P-D-
glucopyranoside, Ca^-precipitation of fatty acids and octyl-Sepharose chromatography 
(Kordel et al., 1991). An extracellular lipase, catalysing in anhydrous organic solvents 
an intramolecular transesterification of methyl 16-hydroxyhexadeconate leading to 
cyclohexadecanolide, was purified to homogeneity from Pseudomonas nov. sp. 109 
using Sepharose CL-6B and HPLC (Ihara et al., 1991). Triacylglycerol lipase of 
Pseudomonas fluorescens was purified from the crude enzyme by ammonium sulphate 
precipitation and chromatographic steps on DEAE-Cellulose and octyl-Sepharose 
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CL-4B. This lipase was purified about 3390-fold from the crude enzyme and the yield 
of activity was 21% of the original (Sztajer er a/., 1991). 
Sugihara et al. (1992) purified a thermostable lipase from Pseudomonas cepacia to 
homogeneity by treatment of culture supernatant with acrinol, followed by hydrophobic 
interaction chromatography and gel filtration. Recovery of the lipase was less than 20% 
and the elution profile showed pronounced tailing. Chartrain et al. (1993) purified a 
lipase from Pseudomonas aeruginosa MB5001 using a three-step procedure. 
Concentration by ultrafiltration was followed by ion-exchange chromatography and gel 
filtration. Lee and Rhee (1993) used ion-exchange and gel filtration to purify a lipase 
from Pseudomonas pudda 3SK. 
Commercial lipase of Pseudomonas cepacia (Amano) has been purified to 
homogeneity by a single chromatography on phenyl-Sepharose. The yield of the lipase 
was 87 - 100% and the specific activity during the hydrolysis of triolein was 5800 
Umg' protein (Bornscheuere/a/., 1994). 
Lin et al. (1996) purified an alkaline lipase from Pseudomonas pseudoalcaligenes F-
111 to homogeneity using acetone precipitation and chromatography on Sephadex G-
100, Fractogel phenyl 650 M and Sephadex G-100. Schuepp et al. (1997) observed that 
Pseudomonas fragi CRDA 037 produced exo- and endolipases when grown in whey 
media. They obtained partially purified lipase extracts by precipitation with ammonium 
sulphate at 20-40% saturation for the exolipase and 20-60%) saturation for the 
endolipase. An extracellular lipase from Pseudomonas aeruginosa KKA-5 was purified 
using ammonium sulphate precipitation and successive chromatographic separations on 
hydroxyapatite (Sharon et al, 1998) to a purification fold of 518. An extracellular 
lipase from Pseudomonas sp. could be purified to homogeneity by extraction. Bio-gel 
P-10 chromatography and Superose 12B chromatography (Dong et al, 1999) with a 
purification fold of 37. A monoacylglycerol lipase (MGL) was purified from 
Pseudomonas sp. LP7315 by ammonium sulphate precipitation, anion-exchange 
chromatography and preparative electrophoresis (Sakiyama et al, 2001). Litthauer et 
al. (2001) purified an extracellular lipase from Pseudomonas luteola 17-fold with 16% 
recovery by two-phase partitioning and anion-exchange exclusion chromatography. 
Staphylococcus lipases 
Several researchers have purified Staphylococcus lipases using different purification 
methods. A Staphylococcus strain isolated from a case of pyodermitis produces a lipase 
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that was purified by ammonium sulphate precipitation followed by successive 
chromatographies on hydroxyapatite, Sephadex G-200 and G-150. This method gave 
385-fold purification of the enzyme from the culture medium with a yield of 25% 
(Muraoka et al, 1982). A lipase (L-I) from a strain of Staphylococcus aureus has been 
purified by application of a multistep procedure involving ammonium sulphate 
precipitation and hydrophobic chromatography on phenyl-Sepharose CL-4B followed 
by gel filtration through Sepharose CL-4B (Tyski et al, 1983). Rechromatography on 
Sepharose CL-4B of the lipase preparation was the last step of purification. The 
Staphylococcus hyicus lipase gene has been cloned and expressed in Staphylococcus 
carnosus. The enzyme was secreted from Staphylococcus carnosus into the medium as 
a protein with an apparent molecular weight of 86 kDa. This lipase was purified by 
ammonium sulphate precipitation followed by a combined Sephadex G-lOO/G-25 
column. In order to facilitate the isolation of larger amounts of homogeneous lipase, the 
preparation obtained after the Sephadex step was incubated with various proteolytic 
enzymes. Following tryptic digestion, a single active band of 46 kDa was obtained. 
This lipase was purified to homogeneity by using two DEAE-cellulose columns 
developed at pH 8.0 and 6.5, respectively (van Oort et al., 1989). Kerzel and Mersmann 
(1992) used the adsorption behaviour of Staphylococcus carnosus lipase on the 
hydrophobic Fractogel TSK butyl 650 in a crude fermentation supernatant for the final 
purification step in downstream processing. A lipase produced by Staphylococcus 
epidermidis RP 62A was purified to homogeneity by a combination of precipitation 
techniques, metal affinity chromatography and gel filtration (Simons et al., 1998b). 
Bacillus lipases 
Sugihara et al. (1991) purified a thermostable lipase from Bacillus sp. to homogeneity 
as judged by SDS-PAGE and isoelectric focussing. The purification included 
ammonium sulphate precipitation, treatment with acrinol and sequential column 
chromatographies on DEAE-Sephadex A-50, Toyopearl HW-55F and Butyl Toyopearl 
650 M. The extracellular lipase of Bacillus subtilis 168 was purified from the growth 
medium of an overproducing strain by ammonium sulphate precipitation followed by 
phenyl-Sepharose and hydroxyapatite column chromatography. The overall yield of 
pure lipase was 13%. The purified lipase had a strong tendency to aggregate (Lesuisse 
et al, 1993). The extracellular lipase from Bacillus thermocatenulatus DSM370 was 
purified 67-fold to homogeneous state by hexane extraction, methanol precipitation and 
22 
ion-exchange chromatography on Q-Sepharose (Schmidt-Dannert et al., 1994). 
Schmidt-Dannert et al. (1997) purified two novel lipases from the thermophile Bacillus 
thermocatenulatus with molecular weights of 16 and 43 kDa, respectively. The 
molecular weight of 16 kDa is one of the smallest known for bacterial lipases. A three-
step procedure involving ammonium sulphate precipitation, DEAE Sephacel ion-
exchange chromatography and Sephacryl S-200 gel filtration chromatography was used 
to purify a lipase from a thermophilic Bacillus thermoleovorans ID-1 to homogeneity 
(Lee et al, 1999). Dharmsthiti and Luchai, 1999 purified a thermophilic lipase from 
Bacillus sp. THL027 by a single step of Sephadex G-lOO gel filtration chromatography. 
The protein was purified with a yield of 27% and purification fold of 223. A 
monoacylglycerol lipase of Bacillus sp. H-257 was purified 3,028-fold to a measured 
final specific activity of 121.1 Umg'' protein with a yield of 20% by chromatography 
using octyl-Sepharose CL-4B, Q-Sepharose FF and Supercose 12 columns (Imamura 
and Kitaura, 2000). A thermostable lipase produced by a thermophilic Bacillus sp. J33 
was purified to 175-fold by ammonium sulphate precipitation and phenyl-Sepharose 
column chromatography (Nawani and Kaur, 2000). The overall recovery was 15.6%. 
Lee et al. (2001) purified two distinct thermostable lipases from Bacillus 
thermoleovorans ID-1, designated BTID-A and BTID-B to homogeneity. BTID-A was 
purified 300-fold from a cell-free culture supernatant of Bacillus thermoleovorans ID-1 
grown in modified TYEM medium in the absence of a lipid substrate as an inducer. 
Purification of BTID-A was carried out by ammonium sulphate precipitation, DEAE-
Sepharose CL-6B, Superdex 200, Resource PHE and Mono-Q column chromatography. 
The gene encoding BTID-B of Bacillus thermoleovorans ID-1 has been cloned, 
sequenced and expressed in Escherichia coli (Cho et al., 2000). Recombinant BTID-B 
was purified 108-fold from a cell-free extract of Escherichia coli by heat precipitation, 
DEAE-Sepharose CL-6B and Sephacryl S-200 column chromatography. An 
extracellular alkaline lipase from a new thermophilic Bacillus sp. RSJ-1 was purified to 
homogeneity by ultrafiltration, followed by ammonium sulphate precipitation, dialysis, 
Q-Sepharose ion-exchange chromatography and Sephacryl S-200 SF gel filtration 
chromatography. This purification protocol resulted in a purification fold of 201 with 
final yield of 19.7% (Sharma et al., 2002). The extracellular lipase produced by the 
thermophilic bacterium Bacillus stearothermophilus MC 7 was purified 19.25-fold by 
ultrafiltration, Sephadex G-200 gel-chromatography and ion-exchange chromatography 
on DEAE Cellulose. The overall recovery of the purified enzyme was 10.2% 
(Kambourova et al., 2003). 
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Structure and properties of lipases 
Purified lipases have been characterized for molecular size, isoelectric point, metal 
binding capabilities, glycoside and phosphorus contents and substrate specificities. The 
X-ray studies of pure lipases enable the establishment of the structure-function 
relationships and contribute for a better understanding of the kinetic mechanisms of 
lipase action on hydrolysis, synthesis and group exchange of esters (Taipa et ai, 1992; 
Ghosh et ai, 1996). Primary structures of several lipases have been determined either 
from amino acid or nucleic acid sequences. Bacterial lipases are members of the 
structural superfamily of a/p hydrolases (Ollis et ai, 1992) whose enzymic activity 
results from the catalytic triad Ser-His-Asp similar to that found in serine proteinases. 
Generally, the serine residue occurs in the pentapeptide chain of Gly-X-Ser-X-Gly 
(Svendsen, 1994), except in the Bacillus lipases where the first glycine is replaced by 
an alanine. The serine residue is the site essential for binding to lipid substrates 
(Antonian, 1988). AH the bacterial lipases are composed of a single type of subunit that 
can apparently undergo a variable degree of aggregation. Some lipases are known to 
form aggregates in solution and this may account for the high molecular weights 
reported for some partially purified lipases. Most of the purified lipases contained 
between two percent to fifteen percent carbohydrates, the major glycoside residue in all 
cases being mannose. 
Most of the purified lipases from different strains of Pseudomonas have molecular 
weights in the range of 29 kDa to 48 kDa with acidic pi as determined by SDS-PAGE, 
molecular sieving and isoelectric focusing. An esterase from Pseudomonas fluorescens 
has a molecular weight of 48 kDa as estimated by gel filtration on Sephadex G-150 
column and SDS-PAGE. The optimum pH of enzyme with methyl butyrate was 7.0-8.5 
(Nakagawa et al, 1983). Pseudomonas aeruginosa lipase (PAL) has a molecular 
weight of 29 kDa and pi 5.8 (Steur et ai, 1986). The purified lipase from Pseudomonas 
fragi was a monomer with a molecular weight of 33 kDa as on SDS-PAGE and 
exhibited pi 6.9. The optimum pH and temperature for hydrolysis of olive oil emulsion 
was 9.0 and 65°C, respectively. The enzyme was stable upto 51 °C at pH 9.0 for 24 h 
and in a pH range from 6.5-10.5 at 30°C for 24 h (Nishio et al, 1987). 
Similarly lipase from Pseudomonas sp. KWl-56 produced a single band on SDS-PAGE 
and its molecular weight was estimated to be 33 kDa. The temperature optimum for the 
enzyme was 60°C and more than 96% of the original activity remained after 24 h at 
60°C (lizumi et ai, 1990). The lipase from Pseudomonas nov. sp. 109 exhibited a pi of 
5.3 on isoelectric focusing and a molecular weight of 29 kDa ± 1 kDa on SDS-PAGE 
(Ihara et ai, 1991). The enzyme from Pseudomonas cepacia was a monomeric protein 
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with a molecular weight of 36 kDa as on SDS-PAGE and pi of 5.1. The optimal pH at 
50°C and optimal temperature at pH 6.5 were 5.5-6.5 and 55-60°C respectively, when 
olive oil was used as the substrate. The enzyme retained all its activity even after 
incubation at 75°C (pH 6.5) for 30 minutes. The addition of DMSO or acetone to the 
assay mixture in the range of 0-35% stimulated the enzyme (Sugihara et al., 1992). 
Another lipase from Pseudomonas aeruginosa MB5001 had a molecular weight of 29 
kDa as determined by SDS-PAGE. The enzyme exhibited maximum activity at 55°C 
and had a pH optimum of 8.0 (Chartrain et al, 1993). The enzyme from Pseudomonas 
fluorescens SIK Wl showed a high lipolytic activity towards tricaproin (Ce) and 
tricaprylin (Cg) compared to the other triacylglycerols examined and preferentially 
hydrolyzed the ester bonds in positions 1 and 3 of triolein (Lee et al, 1993). Mercury 
ions and SDS inhibited the activity of the purified enzyme from Pseudomonas putida 
3SK. Calcium ions and taurocholic acid stimulated the enzyme activity (Lee and Rhee, 
1993). Enzyme stability of an alkaline lipase from Penicillium expansum was enhanced 
by the addition of Tween 20 and lubrol PX. The enzyme had a preference for 
triacylglycerols but showed no positional specificity (Sztajer et al, 1993). 
The enzyme purified from Pseudomonas cepacia with 99% purity had a molecular 
weight of 34.1 kDa as analyzed by SDS-PAGE. Immobilization on Sepharose increased 
enzyme stability in organic solvents. It exhibits a high stability in organic solvents and 
supercritical carbon dioxide (Bornscheuer et al, 1994). The apparent molecular weight 
of the lipase from Pseudomonas pseudoalcaligenes F-111 by SDS-PAGE was 32 kDa 
and the pl was 7.3 (Lin et al, 1996). The enzyme showed a preference for C|2 acyl and 
Ci4 acyl groups when usingp-nitrophenyl esters as substrates. The lipase produced was 
unaffected by various detergents. The cationic surface-active agents such as SDS, 
sodium tripolyphosphate, sodium dodecyl benzene sulfonate and sodium alkyl benzene 
sulfonate did not affect the enzyme activity, suggesting that this enzyme is a good 
candidate for detergent applications. The lipase enzyme from Pseudomonas aeruginosa 
KKA-5 was homogenous electrophoretically and its molecular weight was estimated to 
be 30 kDa. SDS, an anionic surfactant, inhibited the enzyme, however, the cationic 
surfactants Triton X-100 and Tween 80 appreciably enhanced the enzyme activity 
(Sharon et al, 1998). This enzyme was stable up to 45°C and in alkaline conditions 
(pH 7 - 10). The maximum activity was obtained at pH 8.5. This enzyme could cause 
up 10 90% hydrolysis of castor oil. The lipase was highly stable in aqueous solutions of 
solvents such as methanol and ethanol, but was weakly inhibited in the presence of 
acetone (Sharon et al, 1998). 
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SDS-PAGE of lipase from Pseudomonas sp. indicated a molecular mass of 30 kDa for 
this lipase and its pi was pH 4.5. The pH and temperature optima for hydrolysis were 
pH 7.0-9.0 and 45-60°C, respectively. The enzyme was stable between pH values of 6 
and 12 and at less than 60°C (Dong et al, 1999). The purified monoacylglycerol lipase 
(MGL) from Pseudomonas sp. LP7315 was homogeneous on SDS-PAGE with a 
molecular mass of 59 kDa. Its hydrolytic activity was confirmed to be specific for 
monoglycerides: the enzyme did not hydrolyze di- and triglycerides. MGL was found 
to be stable even after 1 h incubation at 65°C. The optimum pH for monopalmitin 
hydrolysis was approximately 8.0. The hydrolytic activity depended not only on 
temperature and pH but also on the type of monoglyceride used. MGL also catalyzed 
monoglyceride synthesis at 65°C in a solvent-free two-phase system, in which fatty 
acid droplets were dispersed in the glycerol phase with a low water content (Sakiyama 
et al., 2001). An extracellular lipase isolated from Pseudomonas sp. AG-8, had an 
optimal activity at 45°C and pH 8.0-8.5. It retained more than 80% of its initial activity 
after keeping for 1 h at 65°C. The enzyme was stable in 5 M NaCI and 6 M urea. Triton 
X-100 increased the lipase activity by 2.4-fold (Sharma et al., 2001). The purified 
enzyme from Pseudomonas luteola is relatively thermostable with a half-life of 116 
min at 65°C and an optimal temperature of 55°C. This enzyme is unstable at pH 1 but 
at pH 12.25 the half-life is 84 minutes (Litthaeur et al, 2001). 
Alkalophilic and thermophilic microorganisms have been the focus of a number of 
investigations into sources of lipases that are stable and function optimally at extreme 
alkaline pH values and high temperatures. Isolates of Bacillus sp. have been found to 
produce lipases under alkaline conditions and higher temperatures. Bacillus subtilis 
168, Bacillus pumilus and Bacillus licheniformis produce alkalotolerant lipases 
(Lesuisse et al, 1993; Moeller et al., 1991; Nthangeni et al., 2001). These are small 
molecular weight enzymes with pl > 9. These enzymes exhibit activity and stability at 
extreme alkaline pH values > 9.5. These enzymes are, however, thermolabile. This is in 
contrast to lipases from Bacillus thermocatenulatus (Schmidt-Dannert et al, 1994), 
Bacillus stearothermophilus (Kim et al, 1998) and Bacillus thermoleovorans (Lee et 
al, 1999) that are thermotolerant and exhibit maximal activity and stability at high 
temperature and moderate alkaline pH values (pH 7-9). 
The molecular weight of purified lipase from Bacillus subtilis 168 as determined by 
SDS-PAGE was found to be 19 kDa. The pl was found to be 9.9 by chromatofocussing. 
The purified lipase showed optimum activity at pH 10. The enzyme was remarkably 
stable at alkaline pH, showing maximum stability at pH 12 and retaining more than 
65% of its activity after 24 h at pH 13. The apparent decrease in lipase activity after 24 
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h incubation at lower pH values (pH 8-11) was reversible by increasing the pH to 12 
for another 24 h. The enzyme exhibited activity at a temperature of 35°C and was stable 
for at least 30 min at 40°C. The enzyme shows preference for short to long chain 
triglycerides suggesting it to be a true lipase. The catalytic serine unlike other lipases is 
accessible to the solvent and lacks the hydrophobic lid (Lesuisse et al., 1993). The 
purified enzyme from Bacillus sp. was found to be a monomeric protein with a 
molecular weight of 22 kDa and pi of 5.1. The optimal pH at 30°C and optimal 
temperature at pH 5.6 were 5.5-7.2 and 60°C respectively when olive oil was used as 
the substrate (Sugihara et al, 1991). The molecular weight of lipase from Bacillus 
thermocatenulatus DSM730 as determined by SDS-PAGE is 16 kDa. However the 
lipase forms very large aggregates (>7,50 kDa) as observed after native PAGE making 
handling of the lipase very difficult. N-terminal sequence consists of 53% polar amino 
acids. Maximum activity was found at pH 7.5-8.0 and 60-70°C (Schmidt-Dannert et 
al, 1994). 
The lipase produced by a thermophilic Bacillus strain A30-1 (ATCC 53841) was active 
on triglycerides of Ci6o to C220 fatty acids and on natural fats and oils. The partially 
purified lipase preparation had an optimal activity temperature of 60°C and the 
optimum pH was 9.5. This enzyme was stable to both hydrogen peroxide and alkaline 
protease (Wang et al, 1995). A thermostable alkaline lipase from Bacillus 
stearothermophilus LI lipase was most active at 60-65°C and pH 9-10. Activity 
assessments with synthetic substrates showed this enzyme to be especially active 
towards p-nitrophenyl caprylate (Kim et al, 1998). The molecular weight of 
monoacylglycerol lipase from Bacillus sp. H-257 was estimated to be 25 kDa by gel 
filtration and 24 kDa by SDS-PAGE. The isoelectric point was determined to be 4.66 
by isoelectric focusing .The monoacylglycerol lipase retained its full activity upon 
incubation at 60°C for 10 minutes (pH 7.3) and was stable at pH 7-10. The optimal 
temperature for activity at pH 7.5 was 75°C and the maximum activity was observed 
from pH 6-8 (Imamura et al, 2000). The lipase from Bacillus thermoleovoram lD-1 
was found to exhibit a molecular weight of 34 kDa on SDS-PAGE. The enzyme 
showed optimal activity at 70-75°C and pH 7.5 and exhibited 50% of its original 
activity after I h incubation at 60°C and 30 minutes at 70°C and its catalytic function 
was activated in the presence of Ca^ "^  or Zn^ * (Lee et al, 1999). The molecular mass of 
purified lipase from thermophilic Bacillus sp. THL027 lipase was determined by SDS-
PAGE to be 69 kDa. Purified THL027 lipase exhibited maximum lipolytic activity at 
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70°C and pH 7.0 (Dharmsthiti and Luchai, 1999). The enzyme from thermophilic 
Bacillus sp. J 33 was shown to be a monomeric protein of 45 kDa molecular weight. 
The enzyme hydrolyzed triolein at all the positions (Nawani and Kaur, 2000). The 
relative molecular weight of the purified lipase from Bacillus sp. RSJ-1 was determined 
to be 37 kDa by SDS-PAGE. The kinetic characterization of the purified enzyme 
maximum activity at 50°C and pH 8.0-9.0. It was stable at 50°C for 60 min and 
retained >90% of its original activity for 120 min. The enzyme was highly stable in a 
pH range of 8.0-9.0 for 120 min (Sharma et al., 2002). The molecular weight of the 
purified enzyme from thermophilic Bacillus stearothermophilus MC 7 as determined 
by SDS-PAGE was shown to be 62.5 kDa. The purified enzyme expressed maximum 
activity at 75 - 80°C and its half-life was 30 min at 70°C (Kambourova et al, 2003). 
Many Gram-positive Staphylococci produce lipases that are released into the culture 
medium. The molecular weight of the purified enzyme from Staphylococcus aureus 
226 estimated as 34 kDa by gel filtration was reduced in the presence of sodium 
deoxycholate. Its pi was found to be 9.7. The optimum temperature and pH of the 
purified enzyme was 60°C and 6.0 respectively with triolein as the substrate (Muraoka 
et al., 1982). A purified enzyme from a strain of Staphylococcus aureus was obtained 
which appeared to be homogeneous by molecular sieving, polyacrylamide gel 
electrophoresis and sucrose gradient centrifugation. The molecular weights obtained by 
molecular sieving and electrophoresis in the presence of SDS was 300 and 45 kDa, 
respectively (Tyski et al, 1983). Staphylococcal lipase seems to exhibit a complex 
structure that may explain these discrepancies. Mature lipase from Staphylococcus 
hyicus has been purified after overexpression in Staphylococcus carnosus (van Oort et 
al, 1989). It has broad substrate specificity and degrades not only neutral lipids and 
tweens but is also highly active towards (lyso) phospholipids. The enzyme needs 
calcium to be fully active and has a pH optimum around 8.5. Compared to the pro-
lipase, the mature form has a 2-3 fold higher phospholipase activity. The lipase from 
Staphylococcus aureus NCTC 8530 has also been found to be organised as a prepro-
enzyme and the mature part shares approximately 32% identity and 38% similarity at 
the amino acid level with the other three Staphylococcal lipases (Nikoleit et al, 1995). 
The purified enzyme from Staphylococcus epidermidis RP 62A had a pH optimum of 
6.0 and required calcium as a cofactor for catalytic activity (Simons et al, 1998b). 
Molecular cloning and sequencing of the lipase genes from Staphylococcus aureus 
PS54, Staphylococcus epidermidis and Staphylococcus hyicus revealed common 
28 
structural features for this class of enzymes with an N- terminal region of about 260 
amino acids acting as a folding catalyst (GOtz et al, 1998). All three exolipases are 
organised as prepro-enzymes and have a molecular weight of approimately 70 kDa. 
Processing by proteolytic cleavage of the signal and pro-peptides results in the mature 
lipase forms with molecular masses of 40-46 kDa. Lipase of Staphylococcus 
haemolyticus L62 purified from the culture supernatant exhibited a molecular mass of 
45 kDa by SDS-PAGE. Its optimum temperature and pH for the hydrolysis of olive oil 
was 28°C and pH 8.5, respectively. The enzyme was stable up to 50°C in the presence 
of Ca^^and over the pH range 5-11 (Oh etal, 1999). 
Certain lipases exist in multiple forms. The purified lipase A and lipase B from 
Chromobacterium viscosum were found to be homogeneous by disc electrophoresis 
(Sugiura et al, 1974; Sugiura and Isobe, 1975). The molecular weights of lipases A and 
B were determined by gel filtration, being 120 kDa and 27 kDa, respectively. It was 
observed that lipase A dissociated into two subunits with molecular weights of 80 kDa 
and 50 kDa and lipase B showed only a protein band with molecular weight of 26 kDa 
(Isobe and Sugiura, 1977a). Horiuti and Imamura (1977) obtained two isoenzymes 
from Chromobacterium viscosum, each in a homogeneous state on SDS-PAGE - one 
with a molecular weight of 120 kDa and a pi of 3.7 and the other with a molecular 
weight of 30 kDa and a pi of 7.3. Chang et al. (1994) identified multiple forms of 
Candida rugosa lipase. The presence of Tween 80 and Tween 20 in the culture medium 
altered the relative abundance of the various forms of lipase in the medium, relative to 
when no additives were used (Chang et al., 1994). Two types of lipases. Lipases I and 
II, are known to be produced by Rhizpous niveus (Kohno et al., 1994). Lipases I and II 
differ in molecular weight and Lipase I appears to be converted to Lipase II by limited 
proteolysis. Geotrichum candidum ATCC 34614 has been found to produce four 
different lipases (Sugihara et al., 1994). The main lipase (Lipase I) produced is 
nonspecific in positional specificity, whereas Lipase IV has unusual positional 
specificity. The thermophile Bacillus thermocatenulatus produces two lipases, named 
BTLl and BTL2 (Schmidt-Dannert et al, 1997). The BTL2 lipase is a 43 kDa protein 
(predicted from the DNA sequence) that showed high stability at medium temperatures 
(50°C) and alkaline pH (9.0-11.0) and in organic solvents (2-propanol, acetone, 
methanol). These properties make the BTL2 lipase interesting for biotechnological 
applications. Bacillus thermoleovorans lD-1 also produces two distinct thermostable 
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lipases, designated BTID-A and BTID-B. Molecular weight of BTID-A was 
approximately 18 kDa and its activity was maximum at 60 to 65°C. The pH optimum 
for BTID-A was 9.0. On the other hand, BTID-B was a larger protein with a molecular 
weight of 43 kDa, but showed the similar optima for its activity as BTID-A (Lee et al, 
2001). 
Multiple forms of Candida antarctica lipase have been reported (Arroyo and Sinisterra, 
1995; Arroyo et al, 1999). Of these forms, lipase B is stereoselective towards the R-
isomer of ketoprofen in an achiral solvent such as isopentyl methyl ketone and also in 
S(+)-carvone (Arroyo and Sinisterra, 1995). Martinelle et al. (1995) studied interfacial 
activation of Candida antarctica lipases A and B (CALB) and compared them with the 
Humicola lanuginosa lipase. CALB displayed no interfacial activation, which indicated 
an absence of the lid structure that regulates the access to the active site. The hydrolysis 
of the lipid p-nitrophenyl ester by lipases A and B of Candida rugosa was characterized 
by Rodendo et al. (1995). Lipase A was maximally active on caprylate, whereas lipase 
B had maximal activity on laurate. The two enzymes were identical in other respects. 
Similarly, a commercial lipolytic preparation of Chromobacterium viscosum was 
reported to contain two different lipases (Taipa et al, 1995). 
Native PAGE of the exolipase from Pseudomonas fragi CRDA 037 showed the 
presence of a major band with a molecular weight of 25.5 kDa, whereas the endolipase 
showed the presence of three fractions with molecular weights of 35.5, 49 and 70 kDa 
(Schuepp et al, 1997). Purificationof a highly thermostable extracellular lipase from 
Lactobacillus plantarum by gel filtration chromatography and gel electrophoresis 
revealed four bands, between 98 and 45 kDa, all with lipolytic activity against olive oil. 
Proteinase K did not significantly affect lipolytic activity, as opposed to trypsin, which 
completely eliminated this activity (Lopes et al, 2002). 
Over the past few years, more than 20 lipase structures have been determined (Brady et 
al, 1990; Winkler et al, 1990). Although the overall homology of lipases is low and 
their molecular masses vary from 20-60 kDa, all lipases share a comparable three-
dimensional fold which is known as the a/p hydrolase (Ollis et al, 1992). Apart from 
this highly conserved fold of the central core, diversity among lipases mainly results 
from extra-structural extensions displaying low homology. The region of highest 
conservation is the active site, which contains a 'classical' Ser-His-Asp catalytic triad 
and residues involved in the oxyanion hole. Interestingly, in most lipase structures, the 
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active site is inaccessible due to coverage by one or more surface loops or helical 
structures. The structures of lipases bound to substrate (Van Thilbeurgh et al, 1993) 
and of lipases inhibited by transition-state analogues (Egloff e/ al, 1995; Hermoso et 
al, 1996) showed that the active site becomes exposed to substrate upon interaction 
with micelles or substrate molecules. These studies provided a structural basis for the 
well-known phenomenon of interfacial activation as it was discovered nearly 40 years 
ago (Sarda and Desnuelle, 1958; Brzozowsky et al., 1991). 
Substrate specificity of microbial lipases 
Lipases catalyze the hydrolysis of fats to give free fatty acid, partial glycerides and 
glycerol. The reaction is reversible and the enzyme can be shown to catalyze the 
formation of glycerides from glycerol and free fatty acid under certain conditions 
(Tsujisaka et al, 1977). The naturally occurring triglycerides of long-chain fatty acids 
are water insoluble and lipases are characterized by the ability to catalyze rapidly the 
hydrolysis of ester bonds at the interface between the insoluble substrate phase and the 
aqueous phase in which the enzyme is soluble. Thus the enzyme catalyzes the 
hydrolysis of a wide range of insoluble fatty acid esters, although glycerides are 
normally the preferred substrates, while hydrolysis of water-insoluble carboxylic acid 
esters by most lipases is very slow (Brockerhoff and Jensen, 1974). 
Specificity of lipases is controlled by the molecular properties of the enzyme, structure 
of the substrate and factors affecting binding of the enzyme to the substrate (Jensen et 
al, 1983). Substrate specificity of lipases is often crucial to their application for 
analytical and industrial purposes. Specificity is shown both with respect to either fatty 
acyl or alcohol parts of their substrates (Jensen et al, 1983). Many microbes produce 
two or more extracellular lipases with different fatty acid specificities. Tributyrin is 
hydrolyzed slowly by some microbial lipases (Sugiura and Isobe, 1975; Patkar and 
Bjorkling, 1994). In contrast, Mucor miehei lipase preferentially releases butyric acid 
from milk fat especially at low pH (Moskowitz et al, 1977). Geotrichum candidum 
produces a lipase, which shows pronounced specificity for the hydrolysis of esters of a 
particular type of long-chain fatty acid. Substrate specificity of this lipase has been 
summarised by Jensen (1974), Jensen and Pitas (1976) and Macrae (1983). Lipases 
show both regio- and stereospecificity with respect to the alcohol moiety of their 
substrates (Chapman, 1969). 
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The specificity of lipase action on triglycerides can be classified in the following three 
groups. The first group shows no marked specificity both as regards the position on the 
glycerol molecule that is attacked and the nature of the fatty acid released. These 
lipases catalyze the complete breakdown of triglycerides to free fatty acid and glycerol, 
but diglycerides and monoglycerides appear as intermediates in the reaction. Examples 
of enzymes of this type are the lipases from Candida cylindracae (Benzonana and 
Esposito, 1971) and Corynebacterium acnes (Hassing, 1971). 
The second group of lipases catalyzes the release of fatty acids specifically from the 
outer 1- and 3-positions of glycerides. With these lipases triglycerides are hydrolyzed 
to give free fatty acids, l,2(2,3)-diglycerides and 2-monoglycerides as reaction 
products. Because l,2(2,3)-diglycerides and especially 2-monoglycerides are 
chemically unstable and undergo acyl migration to give 1,3-diglycerides and 1(3)-
monoglycerides, respectively, prolonged incubation of a fat with a 1,3-specific lipase 
will give complete breakdown of some of the triglycerides with the formation of 
glycerol. 1,3-specificity is common amongst microbial lipases and examples of 
enzymes from this group are the lipases from Aspergillus niger, Mucor javanicus and 
various Rhizopus species (Ishihara et al., 1975; Okumura et al., 1976). The 
stereospecificity (i.e., relative catalytic activity at the sn-1 and sn-3 positions of the 
glycerol moiety) of Rhizopus arrhizus lipase has been investigated (Slotboom et al, 
1970). It was shown that fatty acid is released by the enzyme at a similar rate from the 
sn-1 and sn-3 positions of enantiomeric forms of phosphatidylcholine, therefore 
Rhizopus arrhizus lipase and in all probability other microbial lipases show no 
stereospecificity. The positional specificity of the 1,3-specific lipases probably results 
from an inability of the sterically hindered esters of secondary alcohols, e.g., those of 
the 2-position of the glycerol, to enter the active site of the enzyme. 
The third group of lipases catalyzes the specific release of a particular type of fatty acid 
from glyceride molecules. Most extracellular microbial lipases show little fatty acid 
specificity when incubated with natural oils and fats. However, the lipase produced by 
Geotrichum candidum has been shown to possess a very marked specificity for the 
hydrolysis of esters of a particular type of long-chain fatty acid. Thus the enzyme 
preferentially releases from triglycerides long-chain fatty acids containing a cis double 
bond in the 9-position. Saturated fatty acids and unsaturated fatty acids without a 
double bond in the 9-position are only slowly released from triglycerides (Jensen, 
1974). 
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Many lipases have a high degree of enantioselectivity and the enantioselectivity 
depends on the chemical properties of the substrates and on the origin of the lipases as 
well as the experimental conditions used (Rogalska et al, 1993). Rogalska et al. (1997) 
studied the stereoselectivity of 25 pure lipases using monomolecular films of di- and 
triacylglycerol analogues, with optically pure diacylglycerols and prochiral 
triacylglycerol emulsions and the hypothesis was put forward that the chiral recognition 
center might undergo enantiomorphic organisation during the stage when the interfacial 
E*S complex is being formed, which may be precisely the stage at which the induced-
fit process takes place. It was found that the enantioselectivity ranged between 0 and 
100% towards positions sn-1 and sn-3 when prochiral triacylglycerols were used. It was 
very variable when diacylglycerol substrates were used and the general 
stereopreference of most of the lipases tested was similar towards both tri- and di-
acylglycerol substrates. 
The results obtained with prochiral triacylglycerols (Rogalska et al., 1993) show that, 
although some lipases, such as those of Pseudomonas fluorescens, Pseudomonas sps., 
Rhizomucour miehei and Candida rugosa, show some preference for position sn-1 of 
triacylglycerols, considerable differences exist from one lipase to another when triolein 
is used as the substrate: an enantiomeric excess of 70% was recorded in Pseudomonas 
sps. lipase as compared with 16% in the case of Candida rugosa lipase. In addition the 
lipase from Candida antarctica B, which is consistently stereospecific towards position 
sn-3 with trioctanoin, shows a reversal of stereospecificity when triolein is used as the 
substrate (giving an enantiomeric excess of up to 40% with position sn-1). A similar 
pattern of reversal of stereoselectivity between trioctanoin and triolein has also been 
observed in the case of Geotrichum candidum A lipase. The stereoselectivity of lipases 
depend to a great extent on the hydrophobicity of the solvent used, the interfacial 
tension, the chemical composition of the interface and even the chirality of the non-
substrate lipid molecules present at the interface. 
Production of an extracellular microbial lipase possessing pronounced stereospecificity 
in the hydrolysis of triacyglycerols, would be of considerable commercial interest. 
Most lipases attack triglycerides as readily as partially esterified glycerides, but an 
enzyme from a specific Penicillium cyclopium strain has been shown to attack 
monoglycerides more rapidly followed by di- and triglycerides, respectively and it has 
been described as a partial glycerol ester hydrolase (Okumura et al, 1980). Several 
kinds of microbial lipases have been introduced commercially and exploited for their 
potential to catalyze a large number of hydrolytic and synthetic reactions in both 
aqueous and organic media. 
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Molecular cloning of lipase gene and overexpression 
There are a large number of reports published on the molecular cloning of the lipase 
from different microbial strains, which could reveal their primary structure. The 
determination of the primary structure of lipases is necessary to understand the 
molecular mechanism of the catalytic reaction and the relationship between the 
function and the structure of lipase. Early work on sequencing and cloning of lipase 
genes was discussed by Alberghina et al. (1991). Comparison of all the known lipase 
sequences from mammalian as well as microbial sources reveals the presence of a 
conserved pentapeptide Gly-X-Ser-X-Gly that is reported to contain the nucleophilic 
serine residue essential for catalysis (Davis et al., 1990; Moreau et al., 1991). 
Extracellular lipases are produced by a variety of microorganisms and the genes for 
several such lipases have been cloned. Lipase genes of bacterial origin obtained from 
Staphylococcus hyicus were cloned and expressed in Staphylococcus carnosus and 
Escherichia coli (GOtz et al., 1985) and those from Staphylococcus aureus were cloned 
and expressed in Escherichia coli. Bacillus subtilis and Staphylococcus aureus (Lee 
and landolo, 1985). The DNA sequence of lipase gene from Staphylococcus hyicus 
yielded a preprotein of 641 amino acids with the signal sequence of an N-terminal 
hydrophilic segment that was followed by a hydrophobic sequence ending in Ala-X-
Ala that finally was followed by the sequence for mature protein. The gene also 
contained the sequence Phe-Ile-Gly-His-Ser-Met-Gly-Gly that is homologous with 
lipase sequences from porcine pancreas and rat tongue. The lipase gene from another 
strain of Staphylococcus aureus also revealed the presence of signal sequence with the 
classical characteristics of a hydrophilic region followed by hydrophobic amino acids 
ending in Ala-X-Ala prior to mature protein. Comparison of Staphylococcus aureus and 
Staphylococcus hyicus lipases revealed 46% homology, a significant amount. The 
sequence Leu-Val-Gly-His-Ser-Met-GIy-Gly was found in Staphylococcus aureus 
lipase and it contained the homologous region found in all the lipases sequenced to 
date. The gene encoding the lipase from Staphylococcus haemolyticus L62 was cloned 
in Escherichia coli. Sequence analysis showed an open reading frame of 2136 bp, 
which encodes a preproenzyme of 711 amino acids. The preproenzyme is composed of 
a signal peptide (60 amino acids), a pro-peptide (259 amino acids) and a mature 
enzyme (392 amino acids). The mature enzyme has 49 - 67% amino acid sequence 
homology with other Staphylococcal lipases (Oh et al., 1999). 
34 
Large number of lipase genes (17 lipases) from members of the genus Pseudomonas 
have been cloned and sequenced. Gilbert (1993) classified them into two groups 
according to amino acids sequence homology. One group consisted of lipases from 
Pseudomonas sps. strain 109, Pseudomonas aeruginosa, Pseudomonas 
pseudoalcaligenes, Pseudomonas glumae, Pseudomonas cepacia and Pseudomonas 
putida and the other group consisted of lipases from Pseudomonas fluorescens and 
Pseudomonas sps. strain LS107d2. No similarities between the two lipase groups were 
found except for well conserved -Gly-X-Ser-X-Gly- sequence which is the active 
center of lipase (Gilbert, 1993). A gene coding for a thermostable lipase of 
Pseudomonas fluorescens SIK Wl was cloned into Escherichia coli (Chung et al., 
1991). The lipase gene consists of an open reading frame, 1347 bp long and encodes a 
polypeptide of 449 amino acids. The lipase gene from Pseudomonas fragi IFO-12049 
was cloned, sequenced and expressed in Escherichia coli (Aoyama ei al., 1989). The 
lipase gene codes for a mature protein composed of 277 amino acids. Kugimiya et al. 
(1986) cloned the lipase gene from Pseudomonas fragi IFO-3458. The restriction map 
of lipase gene from Pseudomonas fragi IFO-12049 was different from that of 
Pseudomonas fragi IFO-3458. However, the nucleotide sequence analysis suggested 
that the two Pseudomonas fragi lipase genes would have diverged from the same 
origin, because the nucleotide sequence was completely identical except for 3 
nucleotides. Kumura et al. (1998) cloned and sequenced an extracellular lipase from 
Pseudomonas fluorescens No. 33. A single open reading frame consisting of 1,428 
nucleotides encoded a mature protein of 476 amino acids. Sequence analysis showed 
that the lipase lacked a signal peptide. The presence of a repeating motif, 
GXXGXDXXX, suggested that the lipase might be exported and secreted via a system 
that involves the ATP-binding cassette protein. 
Most of the cloned bacterial lipase genes were directly expressed in the heterologous 
host organism, however, some but not all lipases require a secondary gene for their 
activation. These genes are located immediately downstream of the lipase genes. The 
lipase gene encoding an extracellular lipase gene from Pseudomonas cepacia was 
cloned and sequenced in Escherichia coli. Bacillus subtilis and Streptomyces lividens 
(Jorgensen et al., 1991). The lipA gene was well expressed in the presence of a second 
gene limA that is linked to lipA. Although the mature lipase of 320 amino acids contains 
the amino acid sequence characteristic for the substrate-binding site of lipases 
(Antonian, 1988) and shows extensive sequence homology to lipase from Pseudomonas 
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fragi (Aoyama et al., 1989), but the lipase gene from Pseudomonas fragi is expressed 
in Escherichia coli in the absence of activator gene. The gene encoding the lactonizing 
lipase (JipL) from Pseudomonas sp. strain 109 was cloned in Escherichia coli (Ihara et 
al, 1991). A gene limL immediately downstream from lipL was essential for the 
production of active lipase and acted £is a lipase modulator. Sequencing of limL region 
revealed a 344 amino acid open reading frame 49 bp downstream from lipL (Ihara et 
al., 1992). lizumi et al. (1991) cloned, sequenced and expressed the lipase gene {lip) 
and its activator gene {act) from Pseudomonas sp. KWI-56 in Escherichia coli. The act 
gene located seven bases downstream of the lip gene were important for the expression 
of the lip gene in Escherichia coli. The lipase gene {lipA) from Pseudomonas 
aeruginosa TE 3285 was cloned, sequenced and expressed in Escherichia coli 
(Chihara-Siomi et al., 1992). Nucleotide sequence analysis revealed an open reading 
frame of 933 bases that codes for a polypeptide of 311 amino acid residues. The lipA 
gene was expressed in Escherichia coli in presence of a second gene lipB located 50 
bases downstream of lipA indicating that lipB is indispensable for lipolytic activity. 
Both limA and act genes code for 344 amino acid residues and are similar in sequence 
to lipB gene which codes for 339 amino acid residues. Studies of Pseudomonas sp 
KW156 {act (lizumi et al, 1991)}, Pseudomonas aeruginosa {lip B (Wohlafarth et al., 
1992; Hirayama, 1993)}, Pseudomonas glumae {lipB (Frenken et al., 1993)}; 
Pseudomonas cepacia {limA (Hobson et al., 1995)} and Pseudomonas sps. strain 109 
{limL (Ihara et al., 1995)} indicated that a secondary gene product is required for the 
correct folding as well as for the hyperexpression of the lipase gene in heterologous 
hosts. 
Dartois et al. (1992) cloned, sequenced and expressed the lipase gene from Bacillus 
subtilis 168 in Escherichia coli. The open reading frame of 636 bp yielded a preprotein 
of 212 amino acids. Comparison of the amino acid sequence of the protein with those 
of other lipases revealed that the Bacillus subtilis lipase lacks the conserved 
pentapeptide Gly-X-Ser-X-Gly and instead the pentapeptide Ala-X-Ser-X-Gly 
functions as the catalytic site. Schmidt-Dannert et al. (1996) cloned, sequenced and 
expressed the lipase gene from Bacillus thermocatenulatus in Escherichia coli. The 
lipase gene codes for a mature protein of 388 amino acid residues. The region upstream 
of the lipase gene contains a Bacillus promoter that directs the expression of lipase gene 
in Escherichia coli. As in other Bacillus lipases, an Ala replaces the first Gly in the 
conserved pentapeptide Gly-X-Ser-X-Gly. A gene encoding an extracellular lipase was 
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identified in Bacillus pumilus B26 and cloned in Escherichia coli. The nucleotide 
sequence showed one major open reading frame of 648 bp, which encoded a 
polypeptide of 215 amino acid residues. A 34-amino-acid signal sequence and a 
cleavage site between Ala34 and Ala35 were assigned from the N-terminal sequence of 
lipase B26 protein (Kim et al., 2002). 
Lipase genes from biosurfactant producing Arthrobacter species were cloned and 
expressed in Escherichia coli and Arthrobacter sps. (Morikawa et al., 1994). Genes 
from Alcaligenes denitrificans were cloned and expressed in Escherichia coli (Odera et 
al., 1986). The structural lipase gene from a gene library of Acinetobacter 
calcoaceticus BD413 DNA was cloned in Escherichia coli phage M13 by Kok et al. 
(1995). The sequence analysis of 2.1 kb chromosomal DNA fragment revealed one 
complete open reading frame, lipA, encoding a mature protein with a predicted 
molecular weight of 32.1 kDa. 
The gene encoding the major intracellular tributyrin esterase of Lactococcus lactis was 
cloned using degenerate DNA probes based on 19 known N-terminal amino acid 
residues of the purified enzyme. The gene, named estA, was sequenced and found to 
encode a protein of 258 amino acid residues. The transcription start site was mapped 
233 nucleotides upstream of the start codon and a canonical promoter sequence was 
identified. The deduced amino acid sequence of the estA product contained the typical 
-Gly-X-Ser-X-Gly- motif found in most lipases and esterases (Fernandez et al., 2000). 
Since most of the lipases are produced and excreted by the wild strains in very low 
quantities so the first step in the isolation of a lipase for biotechnological applications is 
usually overexpression of the corresponding gene of interest. Frequently, this step is 
considered to be trivial, because several proteins can easily be overexpressed and 
sometimes even secreted using commercially available systems (Baneyx, 1999). 
Bacterial lipases from various Bacillus species have been overexpressed in Escherichia 
coli using conventional overexpression systems (Rua et al., 1998; Eggert et al, 2000; 
Kim et al., 2000; Nthangeni et al., 2001); however, many enzymes like a number of 
different Pseudomonas and Burkholderia lipases which are used for a variety of 
biotransformations, are not amenable to these systems (Jaeger and Reetz, 1998). 
Lipases from Pseudomonas species require the functional assistance of about 30 
different cellular proteins before they can be recovered from the culture supernatant in 
an enzymaticaily active state, indicating that folding and secretion are highly specific 
processes that normally do not function properly in heterologous hosts (Rosenau and 
Jaeger, 2000). 
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A recombinant plasmid expressing the alkaline lipase of Pseudomonas aeruginosa 
IGB83 under the tac promoter was constructed by Leza et al. (1996). The plasmid was 
cloned in Xanthomonas campestris, which efficiently produced and secreted the 
alkaline lipase. An optimization of culture conditions of recombinant Xanthomonas 
campestris led to a 12-fold increase in lipase production relative to initial results in 
shake flasks (Leza et al, 1996). Production o^ Pseudomonas lipases requires correct 
folding and secretion through the membrane. A controllable expression of the gene lip 
H, encoding a lipase-specific foldase, is important for overexpression of lipase in the 
heterologous host Escherichia coli (Reetz and Jaeger, 1998). Construction of 
appropriate His-tagged fusion proteins permitted overexpression, secretion and one-
step purification of lipase from culture supernatants of the homologous host 
Pseudomonas aeruginosa. 
In Staphylococcus epidermidis RP62A, the lipase gene (geh SEl) on the chromosome is 
immediately flanked by the ica AA'BC operon, which is involved in biofilm formation 
(Simons et al., 1998b). This association has been claimed to suggest a possible role of 
lipase in staphylococcal colonization of the skin. The DNA sequence and the deduced 
lipase sequence revealed that geh SEl is very similar to the lipase sequence of 
Staphylococcus epidermidis strain 9 and is organized as a preproenzyme. The part of 
geh SEl coding for the mature lipase was cloned and overexpressed as a fusion protein 
with an N-terminal histidine tag in Escherichia coli. The lipase was purified and was 
shown to be biochemically closely related to the lipase of Staphylococcus aureus 
NCTC 8530. 
Pignede et al. (2000) isolated the lip 2 gene from the lipolytic yeast Yarrowia 
lipolytica. The gene encoded a 334-amino acid precursor protein. The secreted lipase 
was a 301-amino acid glycosylated polypeptide. The lip 2p protein is processed by the 
KEX 2-like endoprotease encoded by XPR6. Deletion of the XPR6 gene resulted in the 
secretion of an active but less stable proenzyme. The proregion did not inhibit lipase 
secretion and activity and played an essential role in the production of a stable enzyme. 
The overexpressing strains correctly processed the gene, secreting 100-fold more 
activity than the wild type. 
An efficient expression system for the previously only weakly expressed thermophilic 
lipase BTL-2 (Bacillus thermocatenulatus Lipase II) has been developed for 
overexpression of the lipase in Escherichia coli (Rua et al., 1998). The gene was 
subcloned in the pCVT-EXPl (pTl) expression vector downstream of the temperature-
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inducible lambda promoter PL. Three different expression vectors were constructed. 
The expression vectors pTl-BTL2 and pTl-pre BTL 2 allowed comparable lipase 
expression levels of 7000-9000 Ug"' cells. Using the expression vector pTl-Omp 
ABTL2, the soluble lipase production levels were between 30,000 and 660,000 Ug" 
cells, depending on the specific Escherichia coli strain used to express the gene. 
Similarly cloning and sequencing of a thermophilic lipase of 5. thermoleovoram lD-1 
was cloned and sequenced by Cho et al. (2000). The lipase gene coded 416 amino acid 
residues and contained the conserved pentapeptide Ala-X-Ser-X-Gly, as do other 
Bacillus lipases. For expression in Escherichia coli, the lipase gene was cloned in pET-
22b (+) vector with a strong T7 promoter (Cho et al, 2000). The lipase activity was 
approximately 1.4-fold greater than the activity with the native promoter. The gene 
coding for an extracellular lipase of Bacillus licheniformis was cloned using PCR 
techniques. The sequence corresponding to the mature lipase was subcloned into the 
pET 20b (+) expression vector to construct a recombinant lipase protein containing 6 
histidine residues at the C-terminal. High-level expression of the lipase by Escherichia 
coli cells harbouring the lipase gene-containing expression vector was observed upon 
induction with IPTG at 30°C. A one step purification of the recombinant lipase was 
achieved with Ni-NTA resin. The specific activity of the purified enzyme was 130 
Umg"' with p-nitrophenylpalmitate as substrate (Nthangeni et al, 2001). 
Applications of lipases 
Enzymes are catalysts that allow chemical reactions to occur in living things at ambient 
conditions. On the other hand, the same reaction in a chemical manufacturing plant 
might require complex reactor systems to contain the extreme conditions required. Use 
of industrial enzymes allows the technologists to develop processes that more closely 
approach the gentle, efficient process in nature. The use of enzyme-mediated processes 
can be traced to ancient civilizations. Today, nearly 4000 enzymes are known and of 
these, about 200 are in commercial use. The majority of the industrial enzymes arc of 
microbial origin. Until the 1960s, the total sales of enzymes were only a few million 
dollars annually, but the market has since grown spectacularly (Godfrey and West, 
1996; Wilke, 1999). Because of improved understanding of production biochemistry, 
the fermentation processes and recovery methods, an increasing number of enzymes 
can be produced affordably. Also, advances in methods of using enzymes have greatly 
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expanded the demand. Furthermore, because of the many different transformations that 
enzymes can catalyze, the number of enzymes used in commerce continues to multiply. 
The world enzyme demand is satisfied by 12 major producers and 400 minor suppliers. 
Around 60% of the total world supply of industrial enzymes is produced in Europe. At 
least 75% of all industrial enzymes (including lipases) are hydrolytic in action. Interest 
on microbial lipases has markedly increased in the last two decades. The relative 
availability of large quantities of microbial enzyme obtained by bioprocess has 
broadened the search for potential industrial use of bacterial and fungal lipases. 
Microbial lipases are widely diversified in their enzymatic properties and substrate 
specificities, which make them very attractive for industrial applications. Lipases are an 
excellent alternative to classical organic techniques in the selective transformation of 
complex molecules. Microbial lipases occupy a place of prominence among 
biocatalysts owing to their ability to catalyze a wide variety of reactions in aqueous and 
non-aqueous media. The chemo-, regio- and enantio-specific behaviour of these 
enzymes has caused tremendous interest among scientists and industrialists. They 
impart specificity to a reaction in which a chemical process is typically more non-
specific. In addition, the use of enzyme can decrease side reactions and simplify post-
reaction separation problems. In recent years, applications of lipases as biocatalysts in 
organic synthesis are becoming increasingly popular. Lipase-catalyzed hydrolysis and 
synthesis have the advantage over conventional non-enzymatic methods in terms of 
high quality of the products obtained, high efficiency of the reaction and friendliness to 
environments such as low energy consumption. Lipase-catalyzed processes offer cost-
effectiveness too, in comparison with traditional downstream processing in which 
energy consumption and toxic by-products might often present problem (Jansen et al., 
1996). 
Lipases catalyze both hydrolytic and synthetic reactions. Microbial lipases have been 
used in a wide range of practical applications in industry as hydrolysis of fats, food 
processing, diagnostics, production of food additives and pharmaceuticals. Important 
biotechnological applications include their use as (1) additives to household detergents 
and (2) biocatalysts for stereoselective transformations making lipases the most widely 
used class of enzymes in organic chemistry. Probably the most exciting application of 
lipases is their ability to catalyze reactions leading to enantiomerically pure 
compounds, which are used as pharmaceuticals, herbicides, fungicides, pesticides or 
fragrances. A number of very useful biocatalysts originate from the genera 
Pseudomonas and Bacillus. Commercially useful lipases are usually obtained from 
microorganisms that produce a wide variety of extracellular lipases. 
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Lipases for food industry 
Lipases have become an integral part of the modem food industry. The use of enzymes 
to improve the traditional chemical processes of food manufacture has been developed 
in the past few years. Nowadays industrial enzymes, especially lipases, are commonly 
used in the production of a variety of products, ranging from fruit juices, baked foods 
and vegetable fermentation to dairy enrichment (McGee, 1986; Zalacain et al., 1996). 
Microbial lipases have been used for the production of desirable flavours in cheese and 
other foods and for the interesterification of fats and oils to produce modified 
acylglycerols, which cannot be obtained by conventional chemical interesterification 
(Novo, 1985). 
Fats and oils are important constituents of foods. The nutritional and sensory value and 
the physical properties of a triglyceride are greatly influenced by factors such as the 
position of the fatty acid in the glycerol backbone, the chain length of the fatty acid and 
its degree of unsaturation. Lipases allow modifying the properties of lipids by altering 
the location of fatty acid chains in the glyceride and replacing one or more of the fatty 
acids with new ones. This way, a relatively inexpensive and less desirable lipid can be 
modified to a higher value fat (Colman and Macrae, 1980; Pabai et ah, 1995a; Pabai et 
al, 1995b; Undurraga etal, 2001). 
Cocoa butter, a high-value fat, contains palmitic and stearic acids and has a melting 
point of approximately 37°C. Melting of cocoa butter in the mouth produces a 
desirable cooling sensation in products such as chocolate. Lipase-based technology 
involving mixed hydrolysis and synthesis reactions is used commercially to upgrade 
some of the less desirable fats to cocoa butter substitutes (Colman and Macrae, 1980; 
Undurraga e/flf/., 2001). 
Because of their metabolic effects, PUFAs are increasingly used as pharmaceuticals, 
neutraceuticals and food additives (Gill and Valivety, 1997a; Belarbi et al, 2000). 
Many of the PUFAs are essential for normal synthesis of lipid membranes and 
prostaglandins. Microbial lipases are used to obtain PUFAs from animal and plant 
lipids such as menhaden oil, tuna oil and borage oil. Free PUFAs and their mono- and 
diglycerides are subsequently used to produce a variety of pharmaceuticals including 
anticholesterolemics, antiinflammatories and thrombolytics (Gill and Valivety, 1997b; 
Belarbi et al., 2000). In addition, lipases have been used for development of flavours in 
cheese ripening, bakery products and beverages (Kazlauskas and Bomscheuer, 1998). 
Also, lipases are used to aid removal of fat from meat and fish products (Kazlauskas 
and Bomscheuer, 1998). 
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Table IB 
Industrial applications of microbial lipases 
Industry 
Detergents 
Dairy foods 
Bakery foods 
Beverages 
Food dressings 
Healtli foods 
Meat and fish 
Fats and oils 
Chemicals 
Pharmaceuticals 
Cosmetics 
Leather 
Paper 
Cleaning 
Action 
Hydrolysis of fats 
Hydrolysis of milk fat, 
cheese ripening, 
modification of butter fat 
Flavour improvement 
Improved aroma 
Quality improvement 
Transesterification 
Flavour development 
Transesterification: 
hydrolysis 
Enantioselectivity, 
synthesis 
Transesterification, 
hydrolysis 
Synthesis 
Hydrolysis 
Hydrolysis 
Hydrolysis 
Product or application 
Removal of oil stains from fabrics 
Development of flavouring agents in 
milk, cheese and butter 
Shelf-life prolongation 
Beverages 
Mayonnaise, dressings and whippings 
Health foods 
Meat and fish products; fat removal 
Cocoa butter, margarine, fatty acids, 
glycrerol, mono- and di-glycerides 
Chiral building blocks, chemicals 
Speciality lipids, digestive aids 
Emulsifiers, moisturizers 
Leather Products 
Paper with improved quality 
Removal of fats 
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Yoneda et al. (1996) have patented a process on Pseudomonas lipase, which was 
claimed to be useful in, for example, food processing and oil manufacture. 
Fermented foods prepared from fruits, vegetables, cereals, root crops, legumes and 
oilseeds are found all over the world in baked and cooked forms (MacRae and 
Hammond, 1985; McGee, 1986). An important result of the fermentation of fruits and 
vegetables was that the products obtained could be stored for a long time as a food 
supply during off-seasons. The bioconversion resulting from fermentation contributed 
greatly to the character and organoleptic properties of the fermented products. In many 
cases fermentation also contributed to the digestibility and nutritional value of the 
products. From a food safety point of view, it has been suggested that fermented foods 
might have considerable potential against enteric pathogens such as enterotoxic 
Escherichia coli and Shigella flexneri. It is important that the lipases produced by 
microbial sources do not exhibit any toxicity when used in food applications. The 
evaluation of safety involves mainly testing for acute, subacute and subchronic oral 
toxicity and mutagenic potential. 
Lipases for detergent industry 
Biological detergent making is a fast-growing technology (Grant et al., 1990). Because 
of their ability to hydrolyze fats, lipases find a major use as additives in industrial 
laundry and household detergents. Lipase, protease, amylase and cellulase enzymes are 
added to the detergents where they catalyze the breakdown of chemical bonds on the 
addition of water. Lipeises split fats (triacylglycerols), proteases split protein, amylases 
split starch and cellulases split cotton-fluff. Lipases are generally added to the 
detergents primarily in combination with proteases and cellulases. Detergent lipases are 
especially selected to meet the following requirements: (1) a low substrate specificity, 
i.e., an ability to hydrolyze fats of various compositions; (2) ability to withstand 
relatively harsh washing conditions (pH 10-11, 30-60°C) and (3) ability to withstand 
damaging surfactants and enzymes (e.g., linear alkyl benzene sulphonates (LAS) and 
proteases), which are important ingredients of many detergent formulations. Lipases 
with the desired properties are obtained through a combination of continuous screening 
(Yeoh et al, 1986; Wang et al., 1995; Cardenas et al, 2001b) and protein engineering 
(Kazlauskas and Bornscheuer, 1998). Lipases have also been used in the formulations 
prepared to clean drains clogged with food and/or non-food plant-material-containing 
deposit (Genex, 1986). Here they are used in association with pectinase. 
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Most lipases have been reported to be optimally active at neutral pH in the temperature 
range 35-48 °C (MacRae and Hammond, 1985). The Novo group has reported a highly 
alkaline, positionally non-specific lipase from a strain of Streptomyces sp. that was 
useful in laundry, dishwashing detergents and industrial cleaners. In addition, 
thermophilic lipases have been reported from many bacterial species (Deever et al., 
1991; Jaeger et al., 1994; Ushio et al, 1996). The stability and activity of detergent 
enzymes were crucial factors, which were greatly improved by the so-called 'surfactant 
lipases'. Lipolase, which was introduced by Novo, was a pioneer in this regard. It was 
developed by genetic and protein engineering of the Humicola lanuginosa lipase gene 
into the Aspergillus oryzae genome for its overproduction (Ladefoged et al., 1995). In 
1995, two bacterial lipases were introduced—"Lumafast' from Pseudomonas 
mendocina and "Lipomax' from Pseudomonas alcaligenes—by Genencor International 
(Jaeger and Reetz, 1998). Gerritse et al. (1998) reported an alkaline lipase, produced by 
Pseudomonas alcaligenes M-1, which was well suited to removing fatty stains under 
conditions of a modern machine wash. The patent literature contains examples of many 
microbial lipases that are said to be suitable for use in detergents (Bycroft and Byng, 
1992). Unilever, Cosmo Oil Jind Procter and Gamble are major companies working on 
recombinant DNA technology for surfactant lipases (Jaeger et al., 1994). As a whole, 
the present status of lipase-mediated detergent promises a high-tonnage use with the 
prospects of recombinant enzymes. 
Lipases for resolution of racemic acids and alcohols 
Lipases have been employed by organic chemists for a long time to catalyze a wide 
variety of chemo-, regio- and stereoselective transformations (Rubin and Dennis, 
1997a; Rubin and Dennis, 1997b; Kazlauskas and Bomscheuer, 1998; Brocca et al., 
1998; Berglund and Hutt, 2000). The majority of the lipases used as catalysts in organic 
chemistry are of microbial origin. These enzymes work at hydrophilic-lipophilic 
interface and tolerate organic solvents in the reaction mi.xtures. Brocca et al. (1998) and 
Berglund and Hutt (2000) have discussed use of lipases in the synthesis of enantiopure 
compounds. One of the most exciting aspects of this fast-growing field is the possibility 
of enantioselective lipase catalysis on an industrial scale. 
There are two basic types of enantioselective organic transformations amenable to 
lipase catalysis: (1) the reaction of prochiral substrates and (2) kinetic resolution of 
racemates. Traditionally, prochiral or chiral alcohols and carboxylic-acid esters served 
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as the two main classes of substrates but, over the years, the range of compounds has 
expanded rapidly to include diols, a- and P-hydroxy acids, cyanohydrins, 
chlorohydrins, diesters, lactones, amines, diamines, amino-alcohols and a- and P-
amino-acid derivatives (Rubin and Dennis, 1997; Kazlauskas and Bornscheuer, 1998; 
Berglund and Hutt, 2000). It is thus no exaggeration to note that the most important 
classes of functionalized organic compounds can, in principle, be prepared 
enantioselectively by lipase catalysis. Typical catalysts include lipases from the 
bacteria Pseudomonas aeruginosa, Pseudomonas cepacia, Pseudomonas fluorescens 
and other Pseudomonas sps., Chromobacterium viscosum, Bacillus subtilis, 
Achromobacter sp., Alcaligenes sp. and Serratia marcescens, as well as from fUngi 
such as Candida antarctica B and Candida rugosa. 
Stereoselectivity of lipases has been used to resolve various racemic organic acid 
mixtures in immiscible biphasic systems (Klibanov, 1997). Racemic alcohols can also 
be resolved into enantiomerically pure forms by lipase-catalyzed transesterification. 
Arroyo and Sinisterra (1995) reported that esterification reaction in nonaqueous media 
using lipase-B from Candida antarctica was stereoselective towards the R-isomer of 
ketoprofen in an achiral solvent such as isobutyl methyl ketone and (S+)-carvone. In 
one study, a purified lipase preparation from Candida rugosa was compared to its crude 
counterpart in anhydrous and slightly hydrated hydrophobic organic solvents. The 
purified lipase preparation was less active than the crude enzyme in dry n-heptane, 
whereas the presence of a small concentration of water dramatically activated the 
purified enzyme but not the crude enzyme in the esterification of racemic 2-(4-
chlorophenoxy) propanoic acid with n-butanol (Tsai and Dordick, 1996). 
Lipases for biomedical applications 
Because of their excellent capability for specific regioselective reactions in a variety of 
organic solvents with broad substrate recognition, lipases have emerged as an important 
biocatalyst in biomedical applications. Recently, Parmar et al. (1997) reviewed a 
variety of substrates accepted by hydrolytic enzymes, including lipases, to produce 
compounds in high enantiomeric excess, which can be used as chiral building blocks 
for the synthesis of compounds of pharmaceutical interest. There are other reports on 
the application of microbial lipases to the hydrolysis of racemic esters, to 
transesterification and to racemization in situ to yield optically pure enantiomers for the 
manufacture of chiral synthons (Reddy, 1992; Akita et al., 1995; Lee et al.. 1995). In 
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addition to racemization in situ, lipases are also capable of catalysing synthetic 
reactions, which lead to the production of life-saving drugs. Efficient kinetic resolution 
processes are in vogue for the preparation of optically active homochiral intermediates 
for the synthesis of nikkomycin-B, non-steroidal anti-inflammatory drugs (naproxen, 
ibuprofen, suprofen and ketoprofen), the potential anti-viral agent lamivudine (which 
can be used against HIV) and for the enantiospecific synthesis of anti-tumour agents, 
alkaloids, antibiotics and vitamins (Yokomatsu et al., 1995; Yasohara et al., 1995; 
Fernandez et al., 1995; Milton et al., 1995; Usher et al., 1995; Adamezyk et al., 1994; 
Hughes e/a/., 1993; Merck, 1990; Ono e/o/., 1995; Tsai e/a/., 1996). 
Conventional chemical synthesis of drugs containing a chiral centre generally yields 
equal mixtures of enantiomers (Reddy, 1992). During the past decade, many studies 
have shown that racemic drugs usually have the desired therapeutic activity residing 
mainly in one of the enantiomers and the other enantiomers might interact with 
different receptor sites, which can cause unwanted side effects. Cui et al. (1997) 
reported lipase-catalyzed esterification in organic solvent to resolve racemic naproxen. 
Naproxen is a non-sterol anti-inflammatory drug whose (5)-enantiomer is 28-fold more 
active than that the corresponding (7?)-enantiomer. Chang and Tsai (1997) also reported 
a facile process for the preparation of (5)-naproxen ester prodrug in organic solvents in 
which lipases from various microbial sources were used. Akita et al. (1997) performed 
enzymic hydrolysis in organic solvents for the kinetic resolution of water-insoluble P-
acyloxy esters with immobilized lipases to produce chiral intermediates for the 
synthesis of the calcium antagonist diltiazem hydrochloride and the antibiotic (-)-
indolmycin. Chiral masked glycerol derivatives, which are potential building blocks for 
pharmaceuticals, having an additional alkyl subsituent at the chiral centre, were 
synthesized chemically and resolved enzymically using lipases (Hof and Kellogg, 
1996). 
Aspergillus niger and Penicillium urticae lipases were highly enantiospecific (£ = 100), 
which frequently cleaved undesired enantiomers; Candida rugosa lipase, however, was 
highly (5)-specific (Sato, 1994; Jansen et al., 1996). Lipases from species of Mucor and 
Rhizopus were also (5)-specific with low enantiospecificity (£ = 2-3) (Reddy, 1992; 
Yasohara et al., 1995). Pseudomonas cepacia lipase was found to be equally active 
towards both isomers (Akita et al., 1995). Enantioselective interesterification and 
transesterification have great significance in pharmaceuticals for selective acylation and 
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deacylation. Thus although this field is still in its formative stage it has already shown 
considerable academic interest with expanding industrial applications. 
A method was developed by Jimenez et al. (1997) to synthesize methyl {R)- and {S)-l-
tetradecyloxiranecarboxylate through sequential kinetic resolution catalyzed by lipases. 
Both the enantiomers are a potent anti-diabetic and antioxidant agent. Goto et al. 
(1996) studied the enzymatic resolution of racemic ibuprofen by surfactant-coated 
lipases in organic media. 
A preparation of optically active amines that were intermediates in the preparation of 
pharmaceuticals and pesticides have been described by Smidt et al. (1996), which 
involved reacting stereospecific N-acylamines with lipases, preferably from Candida 
antarctica or Pseudomonas sp. In an attempt to determine the substrate specificity for 
lipases, alkyl esters of 2-arylpropionic acids, a class of non-steroidal anti-inflammatory 
drugs, were hydrolyzed with Candida rugosa lipase. All transformations were highly 
enantioselective (Botta et al, 1996). A Bacillus strain was screened for asymmetric 
resolution of (R)-Naproxen. The optical purity ee (%) of (R)-Naproxen was found to be 
86.47% and conversion rate was 40-50% in bacterial cells PBS reaction system (Zhang 
et al, 2002). 
Lipases for pulp and paper industry 
'Pitch,' or the hydrophobic components of wood (mainly triglycerides and waxes), 
causes severe problems in pulp and paper manufacture (Jaeger and Reetz, 1998). 
Lipases are used to remove the pitch from the pulp produced for papermaking. Nippon 
Paper Industries, Japan, have developed a pitch control method that uses the Candida 
rugosa lipase to hydrolyze up to 90% of the wood triglycerides. 
Lipases for environmental management 
Bioremediation for waste disposal is a new avenue in lipase biotechnology. Oil spills 
during rigging and refining, oil-wet night soils and shore sand and lipid-tinged wastes 
in lipid processing factories and restaurants could be well handled by the use of lipases 
of different origins (Salleh et al., 1993; Sarada and Joseph, 1993; Dauber and Boehnke, 
1993; Gignier, 1995). For instance, lipases have been used extensively {ex situ or in 
situ) in wastewater treatment (Dauber and Boehnke. 1993). Dauber and Boehnke 
devised a technology to convert dewatered sludge in the factories to biogas, in which an 
enzyme mixture including lipase was used. The broadening use of lipases in 
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bioretnediation has achieved more importance with its successful application to the 
removal of biofilm deposits from cooling water systems, to the manufacture of liquid 
soap, to the upgrading of waste fat, to bleaching and to the purification of waste gases 
expelled from factories. The production of single-cell protein from industrial effluents 
with the use of lipophilic microorganisms, especially yeast, could provide yet another 
prospect for the application of lipases to waste management. 
Lipases have also been used for the degradation of wastewater contaminants such as 
olive oil from oil mills. The treatment process generally consists of the cultivation of 
lipase-producing microbial strains in the effluents (DeFelice et ai, 1997). Wakelin and 
Forster (1997) investigated the microbial treatment of waste from fast-food restaurants 
for the removal of fats, oils and greases. They cultivated pure and mixed microbial flora 
(known to produce lipases and other enzymes). Acinetobacter was the most effective of 
the pure cultures, typically degrading 60-65% of the fatty material. 
Lipases for cosmetics and flavours 
Several examples of the lipase-assisted synthesis of flavour and fragrance compounds 
were reported, with (-)-menthol being the most prominent one. A new way to isolate 
enantiomerically pure (-)-menthol esters contains a transesterification step with (±)-
menthol using Pseudomonas cepacia lipase (Athawale et al., 2001). The final product 
menthyl methacrylate 16 was subsequently polymerized to be used as a sustained 
release perfume. The plant growth factor (-)-methyl jasmonate is another important 
perfumery constituent, which can be synthesised with a lipase-catalyzed reaction using 
the commercially available Lipase P (Amano) to yield the chiral key intermediate (+)-
(6S)-methyl 7-epicucurbate (Kiyota et al., 2001). 
Lipases for pesticides 
Fine and intermediate chemicals makers emphasize new products and processes for the 
pesticide industry via lipases, in view of its potential for decreasing costs and 
environmental contamination (Stinson, 1995). To make it cost-effective, lipases are 
used mostly in immobilized form without loss of viability for longer periods (Fagin and 
O'Kennedy, 1991). A variety of pesticides (insecticides, herbicides, fungicides or their 
precursors) made with the application of lipases is currently in use (Pan et al., 1990; 
Chisso, 1991; Danda et al., 1991). The most important application of lipases has been 
in the organic synthesis of pesticides for the production of optically active compound 
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(Reddy, 1992). Generally, these compounds were produced through the resolution of 
racemic mixtures of alcohol or carboxylic esters; stereospecific synthesis reactions 
were also employed. Akita et al. (1995) described a highly stereospecific synthesis of 
the versatile chiral synthon possessing two stereogenic centres, which was subsequently 
converted into a homochiral intermediate for the synthesis of the biologically active 
potent pesticide nikkomycin-B. 
Lipases for oleochemical industry 
Use of lipases in oleochemical processing saves energy and minimizes thermal 
degradation during alcoholysis, acidolysis, hydrolysis and glycerolysis (Vuifson, 1994; 
Bezzine et al., 1998; Bomscheuer, 2000). Although lipases are designed by nature for 
the hydrolytic cleavage of the ester bonds of triacylglycerol, lipases can catalyze the 
reverse reaction (ester synthesis) in a low-water environment. Hydrolysis and 
esterification can occur simultaneously in a process known as interesterification. 
Depending on the substrates, lipases can catalyze acidolysis (where an acyl moiety is 
displaced between an acyl glycerol and a carboxylic acid), alcoholysis (where an acyl 
moiety is displaced between an acyl glycerol and an alcohol), and transesterification 
(where two acyl moieties are exchanged between two acylglycerols) (Balcao et al., 
1996). 
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Table IC 
Some enatiomers exhibiting undesirable or different therapeutic effects 
(S) Prilocanine - anaesthetic 
(S) Ketamine - anaesthetic 
(S) Penicillamine - antiarthritic 
(S, S) Ethambutol - tuberculostatic 
(R)-Thalidomide - sedative 
(S) Dopa - anti-parkinson 
(2R, 3S) Propoxyphene - analgesic 
(S) Indacrinone - uricosuric 
(R) Prilocaine - produces toxic metabolites 
(R) Ketamine - hallucinogen 
(R) Penicillamine - mutagen 
(R, R) Ethambutol - blindness 
(S) Thalidomide - teratogen 
(R) Dopa - serious side effects 
(2S, 3R) Propoxyphene - antitussive 
(R) Indacrinone - diuretic 
Table ID 
Best candidate drugs for racemic switches 
Atenolol 
Captopril 
Enalapril 
Quinapril 
Albuterol 
Dobutamine 
Fluoxetine 
Naproxen 
Ibuprofen 
Flurbiprofen 
Cardiovascular 
Cardiovascular 
Cardiovascular 
Cardiovascular 
Respiratory 
CNS 
CNS 
Anti-inflammatory 
Anti-inflammatory 
Anti-inflammatory 
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Chapter 3 
AIMS AND 
OBJECTIVES 
For the proposed investigation, a strain of Bacillus subtilis RRL BBl with a capacity to 
produce ester hydrolase (BBL) enzyme has been selected. The strain has been 
investigated for the production, purification, characterization and amino acid 
sequencing as well as cloning the gene encoding the ester hydrolase enzyme. The 
following studies were undertaken to achieve the same: 
1. Production of BBL from Bacillus subtilis RRL BBl at shake flask level as well as 
at fermenter level. Determination of effect of different media, carbon and nitrogen 
sources as well as oils and inducers on the enzyme production. 
2. Purification of enzyme to homogeneity by ammonium sulphate precipitation, 
hydrophobic interaction chromatography and ion-exchange chromatography. 
3. Characterization of purified enzyme with respect to its molecular weight, 
Michaelis-Menten constant (Km and Vmax) for different substrates, subunit profile 
and sensitivity to inhibitors, detergents and metal ions. 
4. Determination of pH and temperature optima as well as stability of the purified 
enzyme and its sensitivity to different inhibitors and solvents. 
5. Determination of N-terminal amino acid sequence of the purified protein. 
6. Construction of genomic library of Bacillus subtilis RRL BB1 in Escherichia coli 
JMllO. 
7. Screening of several thousands clones of the gene bank of Bacillus subtilis RRL 
BB I for the ester hydrolase gene by direct expression. 
8. Determination of nucleotide sequence of the ester hydroalse gene with a view to 
identifying the ORF and the putative transcription and translation signals. 
9. Purification of the ester hydroalse enzyme from the recombinant strain by 
ammonium sulphate precipitation, hydrophobic interaction chromatography and 
ion-exchange chromatography. 
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Chapter 4 
MATERIALS AND 
METHODS 
Chemicals 
Amershatn Pharmacia Biotech (USA): Prepacked fast protein liquid chromatography 
(FPLC) columns of phenyl-Sepharose 16/10 Hi-prep and Mono-Q HR5/5 
Amersham (USA): PVDF membrane 
Amersham Pharmacia (USA): Low melting agarose and Restriction enzymes 
MBI Fermentas (USA): T4 DNA ligase and Calf intestinal alkaline phosphatase 
Sigma chemical company (USA): X-Gal, IPTG, Tris base, Acrylamide, N,N'-
methylene-bis-acrylamide, SDS, Ethidium bromide, Ammonium persulphate, TEMED, 
Guanidium thiocaynate, Ampicillin, Streptomycin, protein markers for SDS- PAGE, 
DTT, Triton X-100, Cholate, Deoxycholate, Cetrimide, p-nitrophenyl acetate (C2), p-
nitrophenyl butyrate (C4), p-nitrophenyl caproate (Ce), p-nitrophenyl caprylate (Cg), p-
nitrophenyl laurate (C12) and p-nitrophenyl palmitate (Cie), Triacetin (C2), Tributyrin 
(C4), Tricaproin {Ct), Tricaprylin (Cg), Tristearin (Cig) and Triolein (Cig 1), Ascorbic 
acid. Ammonium persulphate and a-Naphthyl acetate 
Hi media, Pvt. limited Bombay (India): PMSF, Agarose, P-Mercaptoethanol, 
Bromophenol blue. Proteinase K, Gum Arabic, Tween 20, Coomassie brilliant blue G 
250, Coomassie brilliant blue R 250, Dimethylformamide, EDTA, Glycerol, Potassium 
iodide and Fast blue RR salt 
E. Merck (Darmstadt, Germany): Ethanol and Ammonium sulphate 
All other chemicals of high quality analytical grade were obtained from Glaxo 
(Qualigens) and Ranbaxy 
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Different growth media used 
All the constituents used for preparation of media were procured from Hi Media Pvt. 
Limited (India). The composition per litre of the growth media used is as follows. 15 g 
of agar per litre was added for preparation of solid media: 
Luria Bertani Broth (LB, pH 7.2) 
Tryptone 10 g; Yeast extract 5 g; NaCl 10 g 
Nutrient medium (M3, pH 7.2) 
Peptone 10 g; Beef extract 5 g; NaCl 5 g 
Mannitol medium (Ml, pH 7.0) 
Peptone 3 g; Yeast extract 5 g: Mannitol 25g; CaCOs 2.5 g 
Corn Steep Liquor medium (CSL, pH 7.0) 
Glucose 35 g; CSL 37 g; KH2PO4 0.5 g; Urea 3 g 
Yeast extract medium (YPD, pH 6.5) 
Yeast extract 3 g; Peptone 10 g; Glucose 20 g 
Escherichia coii JM110 medium 
NZY broth (pH 7.5) 
NZ amine (casein hydrolysate) 10 g; Yeast extract 5 g; NaCl 5 g; MgS04.7H20 2 g 
Different carbon sources used: 1% (w/v) 
Glucose; Lactose; Mannitol; Sorbitol; Starch; Sucrose; Glycerol 
50% (w/v) stock solution of each carbon source was prepared. 
Different nitrogen sources used: 1% (w/v) 
Peptone; Yeast extract; Beef extract; Tryptone; Urea; NH4NO3 
10% (w/v) stock solution of each nitrogen source was prepared. 
Different inducers used: 1% (w/v) 
Olive oil; Cocconut oil; Rapeseed oil; Mustard oil; Tween-20 
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Antibiotics 
i-i Stock solution of Ampicillin: 50 mgml in DDW. Sterilised by filtration and stored in 
aliquots at -20°C. Ampicillin was used at the cone, of 75 fig ml -I 
Stock solution of Streptomycin: 50 mgml in DDW. Sterilised by filtration and stored 
in aliquots at -20°C. Streptomycin was used at the cone, of 50 jig ml"'. 
Solutions and buffers 
1.0MTris-HCI(pH6.8) 
Tris 121 gL'. pH adjusted with dilute HCI 
1.0 M Tris-HCI (pH 8.0) 
Tris 121 gL"'. pH adjusted with dilute HCI 
1.5 M Tris-HCI (pH 8.8) 
Tris 181.5 gL"'. pH adjusted with dilute HCI 
30% Acrylamide 
Acrylamide 290 g and N,N'-methylene-bis-acrylamide lOg, L"'. Filter through 
Whatman filter paper if necessary. 
10% Ammonium persulphate 
10 gL"' 
Tris-Glycine buffer (pH 8.3) 
Glycine 14.4 g and Tris 3.0 g, L"' 
Protein loading dye 
Bromophenol blue 0.1% (w/v) and Glycerol 20% (v/v) 
SDS-Protein loading dye 
50 mM Tris-HCI (pH 6.8); lOOmM DTT/p-mercaptoethanol; SDS 2% (w/v); 
Bromophenol blue 0.1% (w/v) and Glycerol 20% (v/v) 
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Staining solution 
Coomassie brilliant blue R250 2.5 gL'' in Methanol: Acetic acid: Water (4:1:5) 
Destaining solution 
Methanol: Acetic acid: Water (3:1:6) 
0.5 M EDTA (pH 8.0) 
EDTA 186 gL-'. pH adjusted with 2 N NaOH 
GTE Buffer 
50 mM glucose; 10 mM EDTA, pH 8.0 and 25 mM Tris-HCl, pH 8.0 
5 M Potassium acetate (pH 4.8) 
Potassium acetate 60 ml; Glacial acetic acid 11.5 ml and DDW 28.5 ml 
The resulting solution is 3 M with respect to potassium and 5 M with respect to acetate. 
2 N NaOH 
80 gL-' 
10% SDS 
100 gL-' 
3 M Sodium acetate (pH 5,6) 
Sodium acetate 246.09 gL"'. pH was adjusted with Glacial acetic acid 
TE Buffer (pH 8.0) 
10 mM Tris-HCl, pH 8.0 and 1 mM EDTA, pH 8.0 
GES reagent 
5 M Guanidine thiocyanate; 0.1 M EDTA, pH 8.0; Sarcosyl 30% (w/v) and DDW upto 
100 ml. 
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TAE buffer 
Concentrated stock solution (50 x) 
Tris base 242 g; Glacial acetic acid 57.1 ml and 0.5 M EDTA, pH 8.0 100 ml 
Working solution (1 x) 
DNA Loading dye 
Sucrose 40% (w/v); Xylene cyanol 0.25 % (w/v) and Bromophenol blue 0.25% (w/v) 
X-gal 
20 mgml'' in dimethylformamide. Filter sterilised and stored in aliquots at -20°C 
IPTG 
200 mgml"' in DDW. Filter sterilised and stored in aliquots at -20°C. 
Identification of RRL BBl strain by 16 S rDNA sequencing 
The first step in the identification of bacteria by 16 S rDNA sequence analysis is the 
amplification of the gene. Forward primer, 5' CAGCAGCCGCGGTAATAC 3' and the 
reverse primer, 5' ACGAGCTGACGACAGCCATG 3' were used to amplify a 500-700 
bp fragment of this gene. The PCR conditions used were initial denaturation at 94°C, 
for 3 min followed by 30 cycles of 94°C for 15 s; 60°C for 15 s; 72°C for 30 s and a 
final extension of 72°C for 5 min. The 50 nl reaction mixture contained 1 x PCR 
buffer, 200 ^M each dNTP, 1.5 mM MgCl2, 10 pmoles of each primer, 1-10 ng of 
DNA and 2.5 U of Tag DNA polymerase. 5 nl of the amplified product was run on an 
agarose gel for determination of molecular weight and visualization of the product. The 
PCR product was purified, the concentration of the product estimated and processed for 
sequencing. In the sequencing PCR reaction either the forward or the reverse primer 
was used. The sequence was edited and aligned with the sequences in the Public 
domain (GenBank) by BLASTN program (Altschul el ai. 1997). Based on the 
sequence similarity with the 16 S ribosomal genes of known organisms, the organism 
was granted a genus and a species. 
Culture temperature 
Bacillus subtilis RRL BB1 as well as Escherichia coli was cultured at 37°C at 220 rpm. 
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Bacterial strains and plasmids used 
Bacillus subtilis RRL BBl from our department served as the source both for ester 
hydrolase enzyme (BBL) and the genomic DNA. The organism was gram positive, rod-
shaped, encapsulated, spore former and exhibited the typical morphological, 
physiological and biochemical characteristics of genus Bacillus. Escherichia coli strain 
JMllO was used as cloning host for the part of the gene encoding the mature ester 
hydrolase. Bacillus subtilis RRL BBl was grown in LB medium while as Escherichia 
coli strain JM 110 was grown in NZY medium. Escherichia coli strain JM 110 was 
grown in NZY medium, supplemented with 75 figml"' ampicillin and 50 |igml" 
streptomycin when plasmid maintenance was required. The plasmid pUC19 was used 
as cloning vector. 
Methodology 
Unless otherwise stated the methods employed were essentially taken from the 
protocols given in the protein purification by Deutscher (1990) and Molecular cloning, 
Sambrook et al. (1989). Modifications to these protocols were frequently done 
according to the design of our experiments as detailed below. 
Growth of culture in batch 
The selected strain Bacillus subtilis RRL BBl was plated on LB medium and incubated 
at 30°C for 18-24 h. A loopful of culture from the fresh plate was used to inoculate a 
250 ml Erlenmeyer flask containing 50 ml of LB medium and grown overnight at 30°C 
and 220 rpm. Overnight culture was used as inoculum for further studies. 
The growth of the culture for the optimum production of BBL vis-a-vis bacterial mass 
was standardised in shake flask. The strain was grown in triplicate in 100 ml of LB 
media contained in 500 ml Erlenmeyer flasks. The flasks were inoculated with 1% 
(w/v) of pregrown overnight culture of the same strain. The flasks were incubated at 
30°C and 37°C at 220 rpm for 18 h. Cells were separated from the broth by 
centrifugation at 7,000 x g (Sorvall RC 5C) at 4°C for 10 min. The wet cell mass of the 
culture was calculated by subtracting the weight of the empty bottles from that of the 
total weight of bottle and cell mass. Enzyme activity of the broth and cells was 
measured by titrimetry using tributyrin as substrate. 
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Growth curve of Bacillus subtilis (RRL BBl) 
100 ml of LB (in triplicate) were inoculated with 1% (v/v) overnight grown preculture 
of 5. subtilis RRL BBl. The flasks were incubated at 37°C and 220 rpm for 18 h. 
Sample from each of the three flasks were drawn at 2 h interval for a period of 28 h. 
The optical density of the drawn samples were determined at 600 nm by 
spectrophotometer (Perkin Elmer) and the viable cell count determined by using 
standard dilution method, thereby calculating exponential phase and generation time of 
the organism by the equation: 
n = 3.3 log(Bt/Bo) 
where n is the number of generation; Bt final cell count; BQ intial cell count 
g = t/n 
where g is the generation time 
Enzyme activity was determined titrimetrically using tributyrin as substrate. The 
relationship between growth vis-a-vis enzyme activity of the organism was determined 
by plotting wet cell mass and enzyme activity against time in hours. 
Growth of culture with different carbon and nitrogen sources in batch 
The culture was grown in a similar manner as described above in LB with different 
carbon and nitrogen sources. The culture was grown in triplicate for 18-20 h at 37°C. 
Cells were separated from the broth by centrifugation at 7000 x g at 4°C for 10 min. 
Enzyme activity of the cells was measured by titrimetry using tributyrin as substrate. 
Growth of the culture with different oils and inducers 
The culture was grown in a similar manner as described above in LB with different 
inducers. The inducers were added to the media at 0 h and in the exponential phase i.e., 
at 4-8 h of growth. The culture was grown in triplicate at 37°C for 18-24 h. Cells were 
separated from the broth by centrifugation at 7,000 x g at 4°C for 10 min. Enzyme 
activity of the cells was measured by titrimetry using tributyrin as substrate. 
Growth of culture in fermenter: 
The standardized conditions for the optimum production of BBL from Bacillus subtilis 
RRL BBl at shake flask scale were applied for the production of enzyme in a 10-litre 
fermenter. Eight-litre volume of LB was inoculated with 0.8 L of an overnight 
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preculture prepared in the same broth. The culture was grown at 37°C for 22 h in an 
ideally mixed 10-litre total volume bioreactor witii aeration and agitation rates of 0.5 
vvm and 300 rpm respectively. The cell pellet was separated from the broth by 
centrifugation at 7,000 x g at 4°C for 10 min. Enzyme activity of the broth and cells 
was measured by titrimetry using tributyrin as substrate. 
Enzyme assay 
Qualitative detection of ester hydrolase 
The modified method of Lawrence et al. (1967) was followed. The underlying principle 
in the following assay of ester hydrolase is that proteins diffuse through agar gel as 
through a solvent when the concentration of agar is below 1.5% (w/v) and liberated free 
fatty acids from triglycerides are being detected as the clearing zones on agar after a 
suitable incubation time. 
5 ml emulsion of 0.2% (v/v) tributyrin and 0.02% (v/v) Tween 80 are added to 95 ml of 
hot solution of 1.2% (w/v) agar in 50 mM of Tris-HCl buffer, pH 8.0. 20 ml of this 
emulsion was poured in flat bottom plastic petri dishes and left to solidify. Holes of 5 
mm were bored with a borer and 20-50 |il of sample was loaded per well. The plate 
was incubated at 37°C for 1-2 h till the zone of clearing appeared. 
Table 2 
Fermentation conditions 
Medium 
Tryptone 
Yeast extract 
NaCl 
pH 
Feed volume 
Inoculum size 
Culture temperature 
Agitation 
Aeration 
Cultivation time 
Seed culture 
1.0% 
0.5% 
0.5% 
7.2 
100 ml/500 ml 
single colony 
37°C 
180 osills/min 
18h 
Main culture 
1.0% 
1.0% 
0.5% 
7.2 
8L/10L 
1.0% (v/v) 
37°C 
300 rpm 
0.5 vvm 
22 h 
59 
General spectrophotometric procedures 
All enzymatic activities were determined at room temperature. Ester hydrolase activity 
for p-nitrophenyl esters was measured spectrophotometrically (Lesuisse et al., 1993; 
Winkler and Stuckmann, 1979). One ml of p-nitrophenyl esters (C2-C12, 10 mM in 
acetonitrile) was mixed with ethanol (4 ml) and 95 ml of 50 mM Tris-HCl, pH 8.8. An 
appropriate amount of the ester hydrolase was added to 1 ml of this freshly prepared 
substrate solution and the OD405 was measured after 3 min incubation at 28°C. 
For long chain p-nitrophenyl esters (C12-C16, 8 mM in isopropanol), 20 1^ of ester 
hydrolase solution was added to 880 1^ of reaction buffer containing 50 mM Tris-HCl, 
pH 8.8, 0.1% (w/v) gum arabic and 0.2% (w/v) deoxycholate. After 3 min incubation at 
28°C, the reaction was initiated by adding 100|il of substrate. The reaction was stopped 
by the addition of 0.5 ml of 3 M HCl. After centrifugation, 333|il of supernatant was 
mixed with 1 ml of 2 N NaOH and the OD420 was measured. One international unit (lU) 
of ester hydrolase activity was defined as the amount of enzyme liberating 1 nmol of p-
nitrophenol per min. 
General pH stat procedures 
The underlying principle in the following assay of ester hydrolase is the estimation of 
titrable free fatty acids liberated from triglycerides under suitable incubation 
conditions. Lipase activities were determined with the triglyceride substrates triacetin, 
tributyrin, tricaproin, tricaprylin, tristearin and triolein by automated titration of 
liberated fatty acids with 10 mM NaOH using the pH-stat 718 STAT Titrino (Metrohm 
Ltd, Herisau, Switzerland). The substrates were prepared by emulsifying one gram of 
each triglyceride with one gram of gum arabic in 100 ml of DDW with constant 
stirring. After the pH of the substrate emulsion (15 ml) was adjusted to 7.5 by the 
addition of 10 mM NaOH solution, an appropriate amount of the enzyme solution was 
added and the 10 mM NaOH consumption was recorded for 3 min at the reaction 
temperature of 37°C. One international unit (lU) was defined as the amount of enzyme 
that released I fimol of fatty acid per min. 
Ester hydrolase activity was also measured by titrating free fatty acids released by 
hydrolysis of olive oil using the pH-stat method (Kim et al., 1998). Olive oil emulsion 
was prepared by emulsifying 5 ml of olive oil in 495 ml of 20 mM NaCl, 1 mM CaCi2, 
and 0.5% (w/v) gum arabic solution for 2 min at maximum speed. After the pH of the 
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substrate emulsion (15 ml) was adjusted to 8.5 by the addition of 10 mM NaOH 
solution, an appropriate amount of the enzyme solution was added. The release rate of 
the fatty acid was measured with a pH titrator for 5 min at 37°C. One international unit 
(lU) was defined as the amount of enzyme that released 1 jimol of fatty acid per min. 
Detection by zymogram 
The method of Gabriel (1971) was followed for locating enzyme activity directly on 
polyacrylamide gel. The principle is based on the release of a-naphthol from the 
substrate a-naphthyl acetate that in turn, couples with a diazonium salt present in the 
incubation mixture to form an insoluble red coloured product visible as discrete bands. 
The enzyme sample was run on PAGE under non-denaturing conditions in cold. The 
gel was incubated at 37°C in 0.1 M Tris-HCl, pH 8.0 containing a-naphthyl acetate and 
fast blue RR salt for 10-15 min till red bands appeared. 
Protein determination 
The protein concentration of the enzyme samples was estimated according to 
Bradford's dye binding assay method (Bradford, 1976) using bovine serum albumin as 
a standard. 
Purification of the ester hydrolase (BBL) 
All purification steps were performed at 5-8°C except hydrophobic interaction 
chromatography that was performed at 28°C. Tris-HCl buffer, pH 6.8 was used as a 
standard buffer throughout the purification. 
Preparation of crude extract 
Bacillus subtilis RRL BBl cells obtained from a 10-litre medium culture was washed 
with 50 mM Tris-HCl buffer, pH 6.8 and disrupted in 50 mM Tris-HCl buffer, pH 6.8 
containing 2mM EDTA, 1 mM DTT and 0.1 M ammonium sulphate by ultrasonication 
in MSB 50 KHz ultra-sonifier at 4°C for 1 min, repeating five times with intermittent 
cooling on ice. The cell free extract (CFE) was obtained by centrifugation of the cell 
homogenate at 40,000 x g at 4°C for 45 min. This solution was used as a crude extract 
for the further purification procedures. 
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Ammonium sulphate precipitation 
Typically, one of the initial steps involves purifying proteins based on their solubilties 
in varying concentrations of ammonium sulphate. The solubility of a protein is 
sensitive to the concentrations of dissolved salts. The solubility of a protein at low ionic 
strength generally increases with the salt concentration (salting in). At high ionic 
strength, the solubility of protein decreases (salting out). 
Many unwanted proteins can be eliminated by adjusting the salt concentration in a 
solution containing the crude extract to just below the precipitation point of the protein 
to be purified. In this case the protein to be purified remains in solution, while many 
others are precipitated. Likewise, unwanted proteins can be eliminated by adjusting the 
salt concentration to just over the precipitation point of the protein of interest. In this 
case, the protein of interest will be precipitated while many others will remain in 
solution. 
Cell free extract obtained after centrifugation was subjected to protein fractionation by 
ammonium sulphate precipitation. Fractionation of protein was made by addition, at 2-
5°C with stirring, of increments of solid ammonium sulphate. The amount of 
ammonium sulphate to be added was calculated from percent saturation of ammonium 
sulphate from the table given in the protocols of the protein purification by Deutscher 
(1990). The pH was monitored and IN NH4OH was added to keep the pH constant. The 
fractionation was carried at pH 6.8. After all the ammonium sulphate was dissolved, the 
mixture was allowed to stand for 30 min to 1 h. 
Ammonium sulphate was added to the culture supernatant to 20%, 40%, 70% and 90% 
saturation. The precipitates were then dissolved in small volume of 50 mM Tris-HCl 
buffer, pH 6.8. Each fraction was checked for the enzyme activity as well as protein 
content. 
Hydrophobic interaction chromatography 
Hydrophobic interactions are the main forces that stabilize the three dimensional 
structure of proteins. The degree of hydrophobicity of a protein under native condition 
depends on the presence of hydrophobic amino acids on the surface. The ability of a 
protein to undergo hydrophobic interactions in the native state depends on its surface 
hydrophobic sites and surface hydrophobicity, which in turn depends on an intact 
tertiary or quaternary structure when using hydrophobicity as a basis of separation; 
these differing sources of hydrophobicity in a protein are exploited. 
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50 ml fraction obtained from tiie 70-90% ammonium sulphate precipitation showing 
maximum ester hydrolase activity was mixed with ammonium sulphate to a final 
concentration of 0.25 M in 50 mM Tris-HCl buffer, pH 6.8 and applied to 15 ml of pre 
swollen phenyl-Sepharose CL-4B column (1.6 x 10 cm) that had previously been 
equilibrated with 0.25 M ammonium sulphate in 50 mM Tris-HCl buffer, pH 6.8 
(Buffer A). Ester hydrolase enzyme bound tightly to the resin. Unbound material was 
washed first with 100 ml of Buffer A and then with a linear ammonium sulphate 
gradient from 0.25 to 0 M in 50 mM Tris-HCl buffer, pH 6.8 (gradient volume, 100 
ml). The enzyme was eluted with a linear gradient of 1% (w/v) cholate in 50 mM Tris-
HCl buffer, pH 6.8. The flow rate of 1 mlmin"' was applied and fractions of 3 ml were 
collected. All the fractions were checked for the enzyme activity initially by agar 
diffusion assay and then by titrimetry using tributyrin as substrate. 
Ion-exchange chromatography 
The active fractions obtained after phenyl-Sepharose CL-4B chromatography were 
pooled and applied on a Mono-Q column HR5/5 ( 1 x 6 cm) that had been pre-
equilibrated with 50 mM Tris-JiCl buffer, pH 6.8. The column was washed with the 60 
ml of equilibration buffer until no further protein was eluted. The bound proteins were 
eluted with a linear gradient of NaCl (0-0.5 M) in the same buffer at a flow rate of 0.5 
mlmin'' (gradient volume, 30 ml). The fractions (1.0 mi) were collected and analyzed 
for ester hydrolase activity. All the fractions were checked for the enzyme activity 
initially by agar diffusion assay and then by titrimetry using tributyrin as substrate. 
The active fractions obtained were pooled, desalted by ultrafiltration in 50 kDa 
centricones (Amicon, USA) and re-loaded on the Mono-Q column HR5/5. After 
washing out the unbound protein, the ester hydrolase enzyme was eluted with a 0-0.5 
M linear gradient of NaCl in the same bufferat a flow rate of 0.5 mlmin'' (gradient 
volume, 20 ml). The fractions (1.0 ml) were collected and analyzed for ester hydrolase 
activity initially by agar diffusion assay and then by titrimetry using tributyrin as 
substrate." The active fractions were pooled, concentrated and analyzed for purity by 
SDS-PAGE. 
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Electrophoresis 
In general, fractionation by gel electrophoresis under denaturating conditions is based 
on the sizes, shapes and net charges on the macromolecules. While as fractionation of 
proteins in their native configuration cannot distinguish between the effects of size and 
shape on electrophoretic mobility, SDS-PAGE overcomes the limitations of native 
PAGE by imposing uniform hydrodynamic shape and charge characteristics on all the 
proteins in a sample mixture. By treating protein samples with SDS, SDS binds tightly 
in most proteins imparting a net negative charge to the resultant complexes. It also 
disrupts all non-covalent protein bonds, causing the macromolecules to unfold and 
SDS-protein moves towards anode at rates relatively proportional to the logarithmic of 
their molecular weights. 
The native PAGE as well as the SDS-PAGE was performed by using 5% stacking and 
10% separating gel according to the method of Laemmli (1970). For a vertical slab gel 
electrophoresis 10.0 ml of stock gel solution; 7.5 ml of 1.5 M Tris-HCI buffer, pH 8.8; 
11.9 ml of DDW; 0.3 ml of 10% (w/v) SDS and 0.012 ml TEMED were mixed in order 
to prepare the 30 ml separating gel (10 % gel concentration). The solution was 
deaerated, and thereafter, 0.3 ml of 10% (w/v) ammonium persulphate was added in the 
separating gel and poured immediately. Before the gel hardened, a few drops of ethanol 
were layered on the top of the gel solution to ensure the production of a flat gel surface. 
After polymerization, the unpolymerized material was removed with the help of filter 
paper. The 5 ml spacer gel (5% gel concentration) consisting of 0.83 ml of stock gel 
solution; 0.63 ml of the spacer gel buffer (1.0 M Tris-HCI buffer, pH 6.8); 3.4 ml of 
DDW; 0.05 ml of 10% (w/v) SDS; 0.05 ml of 10% (w/v) ammonium persulphate and 
0.005 ml TEMED was layered over the polymerised separating gel and immediately 
comb was inserted between the plates and allowed to polymerize. After 15-20 min, 
when polymerization was complete, comb was removed and the wells were washed 
with the DDW in order to remove any unpolymerized acrylamide and the acrylic acid 
produced. The protein samples were prepared by heating at 100°C for 5 min in SDS-
protein loading dye to denature the proteins. The gel slab was inserted in the 
electrophoresis apparatus and sample was then loaded into the respective wells. The gel 
was run on 50-100 volts electric supply. When the front indicator dye (Bromophenol 
blue) reached the bottom, electrophoresis was stopped and the gel slab was removed 
from the electrophoresis apparatus. Finally the gel was removed from in between the 
glass plates by separating the spacers and glass plates. The gel was stained for protein 
with Coomassie brilliant blue solution for 2 h and then repeatedly destained in the 
destaining solution. Destaining was continued till the gel turned transparent and distinct 
blue bands were visible. 
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For native-PAGE same protocol was followed as mentioned in the preparation of SDS-
PAGE except that SDS was not included in the gel and in the protein loading dye. The 
samples were run in duplicate. The gel was cut in two portions. Half of the gel was 
stained for protein with Coomassie brilliant blue solution. The ester hydrolase active 
bands were identified on the second half of the gel by a zymogram using a-naphthyl 
acetate and Fast blue RR salt according to the method of Gabriel (1971). 
Enantioselectivity assay 
Alkyl acyl esters of unsubtituted and substituted 1-(phenyl) ethanol, 2-(6-methoxy-2-
naphthyl)ethanol and 2-(6-methoxy-2-naphthyl)propan-l-ol were prepared from their 
corresponding alcohols and alkanoic acid anhydrides in the presence of catalytic 
amount of a base (4-dimethyIaminopyridine). Pure substrates were obtained by column 
chromatography over silca gel using n-hexane: ethyl acetate mixture in increasing 
proportions as the eluant. Alkyl esters of 2-bromopropanoic acid were prepared by 
treating the corresponding acid chloride with n-alkanols in the presence of a base, 
followed by purification by column chromatography. Ethyl 3-hydroxy-4-
phenylbutanoate was prepared by reduction of ethanolic solution of ethyl 4-phenyl-3-
oxobutanoate in the presence of H2 gas and palladium/charcoal (5%) at 345 kPa (50 
lbf/in2) and crude product purified by column chromatography over silica gel. Progress 
of the enzymatic reaction was monitored by withdrawal of an aliquot and its analysis on 
HPLC using a Whelk (S,S)-chiral column (LichroCART250-4,01, 5 nm), mobile phase 
n-hexane/propan-2-ol/acetic acid (95:5:0.1, by vol.); flow rate 0.8 mimin'' and using a 
diode array detector. Optical rotations of the resolved compounds were measured on a 
PerkinElmer-241 polarimeter. 
Enzymic hydrolysis of racemic acylates of primary and secondary alcohols 
Racemic acylate of primary/secondary alcohols (1 mM) in sodium phosphate buffer 
(0.1 M, 5 ml) at specified pH and temperature was stirred in the presence of enzyme 
(whole cells and purified) in a specified ratio and the pH was maintained by using a 
pH-stat and 0.5 M NaOH solution. The samples were analysed on chiral HPLC after the 
extraction of the aliquots (25 nl) with HPLC grade ethyl acetate (100 nl), hexane (400 
|J1) mixture, centrifugation at 6000 g and filtration of the organic layer through a 0.45 
Hm-pore-size filter. 
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After the completion of the reaction, the contents were extracted with organic solvent, 
concentrated in vacuo, separated on an Si02 column to obtain optically enriched 
alcohol and the acylate using light petroleum (b.p. 60-80°C)/ethyl acetate in increasing 
proportion. 
Enzymic hydrolysis of racemic alkyl esters of carboxylic acid 
Racemic ester of 2-bromopropanoic acid (1 mM) in sodium phosphate buffer (0.1 M) at 
specified pH and temperature were stirred in the presence of the enzyme preparation in 
a specified ratio and pH maintained by pH stat using 0.5 M NaOH solution. After the 
completion of the reaction, the contents were adjusted to pH 8 and extracted with 
dichloromethane; the organic layer was concentrated after washing with water and 
dried over anhydrous sodium sulphate. The aqueous portion was acidified with dilute 
HCl and extracted with ethyl acetate, the organic layer was washed with water, dried 
over anhydrous sodium sulphate and desolventised. The final products were purified by 
column chromatography. 
Characterization of enzyme 
Molecular weight determination of purified enzyme 
SDS-PAGE was performed on 10% polyacrylamide vertical slab gels to establish the 
purity of the enzyme protein. For estimation of relative molecular weight 10% SDS-
PAGE was run along with the following standard molecular weight markers: 
ovatransferin (78 kDa), bovine serum albumin (66 kDa), alcohol dehydrogenase (40 
kDa), carbonic anhydrase (32 kDa) and myoglobin (18 kDa). 
Kinetic characterization 
The kinetic studies on ester hydrolase obtained after ion-exchange chromatography was 
carried out in terms of optimum temperature, temperature stability, optimum pH, pH 
stability and effect of inhibitors like metal ions, oxidizing, reducing and chelating 
agents. The enzyme was also studied for Michaelis-Menten constants, Km and Vmax. 
The enzyme assays for all the experiments were carried out by titrimetric method using 
tributyrin as the substrate. For Km and Vmax studies both titrimetric method using 
tributyrin and triacetin as the substrate and spectrophotometric method using p-
nitrophenyl butrate (pNPB) and p-nitrophenyl caproate (pNPC) as the substrate were 
performed. 
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Effect of pH on activity and stability of enzyme 
The protein stability at different pH values was determined by incubating purified 
enzymes using different buffers: 0.1 M sodium citrate (pH 5-6); 0.1 M potassium 
phosphate (pH 6-8); 0.1 M Tris-HCl (pH 7-9) and 0.1 M glycine-NaOH (pH 9-10) for 
24 h at 30°C. The residual lipolytic activities were then determined using tributyrin as 
substrate. 
The dependence of reaction rate on pH was measured at different pH values in the 
range of 6.0-10. The reaction mixture was that of standard assay with purified enzyme 
and the pH was adjusted to the different values by addition of either IM HCl or 2M 
NaOH. 
Effect of temperature on activity and stability of enzyme 
The effect of temperature on the stability of enzyme was determined by incubating 
aliquots of purified enzyme for 30 min in 50 mM Tris-HCl buffer, pH 6.8 at different 
temperature (20-50°C). Residual enzyme activity was measured titrimetrically using 
tributyrin as substrate. 
The optimum temperature for enzyme activity was determined by the pH-stat assay 
with tributyrin as the substrate by incubation of reaction mixtures at different 
temperatures in the range of 20-50°C. 
Effect of inhibitors, salts and detergents on enzyme activity 
The inhibitory effect of selected inhibitors, detergents and salts on the activity of 
purified enzyme was investigated. Incubation of the enzyme for 30 min at 30°C with 
divalent metal-chelating agent EDTA at a concentration of 1 mM was carried out to 
determine metalloprotein nature of the enzyme. Effect of different salts on the ester 
hydrolase activity was also determined. CaClj at concentration of 100 mM and NaCl at 
250 mM levels were used. Effect of PMSF at a concentration of 2 mM was studied by 
incubating the enzyme at 30°C for 30 min. Effect of detergents on the enzyme activity 
was analysed by incubation of the enzyme for 30 min at 30°C in 50 mM Tris-HCl 
buffer, pH 6.8 containing 0.1% (w/v) of detergent. 
Effect of different solvents on enzyme activity 
The enzymes solution was incubated at 30°C for 30 min with ethanol, methanol, 
propanol and acetone at 20% (v/v), 40% (v/v) and 60% (v/v) concentration. The 
residual activity was determined by titration using tributyrin as substrate. 
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Effect of various metal ions on enzyme activity 
The enzymes solution was incubated with an equal volume of monovalent and divalent 
metal ions at 30°C for 30 min in 50 mM Tris-HCl, pH 6.8. The residual activity was 
determined by titration using tributyrin as substrate. 
Substrate preference 
Substrate preference of the enzyme was determined spectrophotometrically using the 
following p-nitrophenyl fatty acyl esters: acetic acid (C2), butyric acid (C4), caproic 
acid (Cs), caprylic acid (Cg), lauric acid (C12) and palmitic acid (Cie). 
The substrate specificity of the purified ester hydrolase towards different triglycerides: 
triacetin (C2), tributyrin (C4), tricaproin (Ce), tricaprylin (Cg), tristearin (Cig) and 
triolein (Cigi) was determined by the standard assay. The results were expressed as a 
percentage of the substrate that gave maximal activity. 
Determination of Michaelis-Menten constants 
In many cases, lipases appear to obey Michaelis-Menten kinetics (Guit et al., 1991; 
Malcata et al., 1992). Michaelis-Menten kinetics are characterized by two parameters. 
Km and Vmax. The latter is the maximum rate of reaction and Km is a measure of the 
affinity of an enzyme for a particular substrate. A low Km value represents a high 
affinity. 
Enzyme assays of purified ester hydrolase were performed with increasing 
concentration of p-nitrophenyl butyrate and p-nitrophenyl caproate among the p-
nitrophenyl esters and triacetin and tributyrin among the triglyceride substrates. The 
effect of substrate concentration of p-nitrophenyl butyrate and p-nitrophenyl caproate 
on the reaction rate was assayed using spectrophotometric method while that of 
triacetin and tributyrin by pH stat method. The Michaelis-Menten constant (Km) and 
the maximum velocity for the reaction (Vmax) for each substrate was calculated by 
Lineweaver-Burk plot. 
Amino acid sequencing of the purified enzyme (BBL) 
The blots of purified protein for the amino acid sequencing were made using 
Immobiolon-P transfer membrane by the method of Towbin (1979) modified by 
Anderson et al. (1982) using Bio-Rad (Paris, France) Trans blot cell apparatus. 
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Separation of protein was carried out by SDS-PAGE. Prestained molecular weight 
markers were included during the electrophoresis for monitoring the electrophoretic 
transfer to the membrane. 
For the transfer of the protein, PVDF (Immobiolon-P) transfer membrane, four sheets 
of filter paper and two fiber pads cut to the same size as the gel are soaked in electrode 
buffer {10 mM CAPS buffer pH 11.0 and 10% (v/v) methanol}. PVDF membrane is 
first rinsed for a few seconds in 100% (v/v) methanol and then in DDW before it is 
placed in the electrode buffer. The transfer stack is built in the following order: fiber 
pad, two sheets of filter paper, gel, PVDF membrane, two sheets of filter paper, fiber 
pad, anode side of unit. The unit was closed and lowered into the transfer chamber 
filled with chilled buffer and connected to the power supply. Blotting was carried out at 
100 V and 350 mA for 1 h. The membrane was stained with Coomassie brilliant blue 
solution for 1-2 min. The blot was then destained with 60% (v/v) methanol for 5-10 
min followed by several washings with HPLC quality water for 3-4 h and air-dried. 
The blot was stored dry at -20°C till processed for amino acid sequencing. 
The N-terminal sequence of protein was determined by using automatic Edman 
degradation reaction as described by Allen (1981). The bands were cut from the 
membrane with a clean razor and excess membrane carefully trimmed away and 
subjected to sequencer. Each degradation cycle consists of three steps; the unmodified 
N-terminus of the protein is modified with phenyl isothiocyanate (PTC) under basic 
conditions to generate a phenylthiocarbamoyl peptide. In the second step, the PTC-N-
terminal residue is cleaved from the protein by either liquid or gaseous TFA 
(trifluoroacetic acid) to form an anilinothiazoline-amino acid (ATZ) derivative of the 
original N-terminal residue and the protein whose penultimate residue now lies at the 
N-terminus. The ATZ-amino acid is unstable and is converted in the third step by acid 
to a more stable phenylthiohydantoin (PTH)-amino acid. The N-terminal residue of the 
(n-1) polypeptide is now available for another cycle of the coupling, conversion and 
cleavage steps. In automatic instruments, the protein is adsorbed to a membrane that 
lies in a cartridge. The ATZ-amino acid is washed from the reaction cartridge into a 
conversion tank where it is converted into the PTH-amino acid. The PTH-amino acid is 
then injected into a HPLC column, and the amino acid is detected by UV absorbance 
and is identified by its elution time. The most sensitive analysers can detect 
approximately 1 pmol of PTH-amino acid. 
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Plasmid isolation method 
Alkali lysis method 
The principle behind the isolation of plasmid DNA involves the differential 
precipitation step, in which long strands of chromosomal DNA, entangled in the 
remnants of lysed cells are preferentially removed. The protocol also takes advantage 
of distinctive covalently closed circular (CCC) property of plasmid DNA. Because each 
of the complementary strands of plasmid DNA is covalently closed circle, the strand 
cannot be separated (without breaking one of them) under conditions such as exposure 
to mild alkali (upto pH 12.5), which breaks most of the hydrogen bonds in 
chromosomal DNA. CCC molecules regain their native configuration when cooled or 
returned to neutral pH. The chromosomal DNA remains in the denatured state 
(Bimboim and Doly, 1979). 
Mini prep method 
3.0 ml of the overnight grown culture was pelleted in a microfuge (Sigma 112) at 7,000 
X g at 4°C for 5 min. The cells were thoroughly resupended in 100 |il of GTE buffer 
(solution I) and incubated at room temperature for 5min, followed by the addition of 
200 nl of solution II {0.2 N NaOH and 1% (v/v) SDS}. The contents of the tube were 
gently mixed and placed on ice for 10 min. Then 150 nl of 3 M potassium acetate 
(solution 111) was added, mixed thoroughly and placed on ice for 15 min. The tube was 
centrifuged at 15,000 x g at 28°C for 10 min. The clear supernatant was transferred to a 
new eppendorf tube and 0,7 volume of isopropanol was added. The contents were 
mixed and kept at room temperature for 30 min. The precipitated plasmid DNA was 
centrifuged at 15,000 x g for 10 min. Plasmid DNA pellet was washed with 70% (v/v) 
EtOH, dried under vacuum and dissolved in 50 |il TE buffer. 
Maxi prep method 
100 ml of overnight grown culture was harvested by centrifugation at 7,000 x g at 4°C 
for 10 min. The pellet was resuspended in 5.0 ml of GTE buffer (solution 1) and 
incubated at room temperature for 5 min. About 10.0 ml of freshly made solution II 
{0.2 N NaOH and 1% (v/v) SDS} was added. The suspension was mixed gently by 
inverting the tube 5- 6 times. The tube was kept on ice for 15 min. Then 7.5 ml of 
chilled 3 M potassium acetate (solution 111) was added, thoroughly mixed and 
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incubated on ice for 30 min. The sample was centrifuged at 15,000 x g at 4°C for 30 
min. The clear supernatant was collected in a fresh tube and 0.7 volume of isopropanol 
was added. The tube was kept at room temperature for 1 h. The precipitated plasmid 
DNA was centrifuged at 15,000 x g at 28°C for 15 min. The DNA pellet was washed 
with 70% (v/v) EtOH, dried under vacuum and dissolved in 0.5 ml of TE buffer. 
Chromosomal DNA isolation from Bacillus subtilis (RRL BBl) 
This method for total chromosomal DNA extraction uses lysozyme to weaken cells and 
the powerful protein denaturant guanidine thiocyanate to denature proteins and "clean 
up" the DNA. It is a modification of the method developed by Pitcher et al. (1989). 
The cells from the overnight grown culture (25 ml) were harvested at 7,000 x g at 4°C 
for 10 min. The cells were suspended in 0.5 ml of TE buffer containing 50 mgml' 
lysozyme and incubated at 37°C for 15 min. About 5 ml GES is added to the cell 
suspension, mixed thoroughly but gently, followed by the addition of 3 ml of cold 7.5 
M ammonium acetate. The contents were mixed and left on ice for 15 min followed by 
extraction with 5 ml of chloroform: isoamyl alcohol (24:1). The tubes were spinned at 
15,000 X g at 28°C for 10 min to separate the phases. The upper aqueous phase was 
transferred to the fresh tube and the step of chloroform extraction was repeated four 
times. The supernatant was precipitated with 8 ml isopropanol and DNA was spooled 
with a glass rod. The spooled DNA was washed with 70% (v/v) EtOH, dried under 
vacuum and dissolved in 200 ^1 TE buffer. 
Analysis of DNA 
Agarose gel electrophoresis 
The standard method used to separate, identify and purify DNA fragment is 
electrophoresis through agarose gel. The technique is simple, rapid to perform and 
capable of resolving mixtures of DNA fragment that cannot be separated adequately by 
other sizing procedures such as density gradient centrifugation. Furthermore, the 
location of DNA within the gel can be determined directly. Bands of DNA in the gel 
are stained with low concentrations of the fluorescent intercalating dye ethidium 
bromide and as little as 1 ng of DNA can be detected by direct examination of the gel in 
ultraviolet light. The electrophoretic migration rate of DNA through agarose gels is 
dependent upon the following parameters. 
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1. The molecular size of the DNA 
2. The agarose concentration 
3. The conformation of the DNA 
4. The applied current 
5. Base composition and temperature 
For the analysis of routine plasmid DNA and its restriction-digested mixture 1% (w/v) 
agarose gel was used, where as for chromosomal DNA and for low-melting agarose 
0.7% (w/v) gels were used. Ethidium bromide at the concentration of 0.5 ngmP was 
incorporated while casting the gel. Using a micropipette, the DNA sample was mixed 
with 0.3 volume loading dye in an eppendorf tube and applied in the well of the agarose 
gel immersed in 1 x TAE in the chamber. Electrophoresis was carried out at 80-100 V. 
The gels were examined under UV light in a gel documentation system and 
documented with the help of Liscap software (Pharmacia Biotech, USA). 
Low-melting agarose gel electrophoresis 
Agarose in which hydroxyethyl groups have been introduced into the polysaccharide 
chain was used. This substitution causes the agarose to gel at approximately 30°C and 
to melt at approximately 65°C, well below the melting temperature of most double-
stranded DNA. These properties have been exploited to develop a simple technique for 
the recovery of DNA from gels. 
Methodology 
The gel containing appropriate concentration of low-melting agarose was poured in a 
cassette in cold room to ensure that it solidifies completely. Samples of DNA were 
mixed with gel-loading dye and loaded into the wells. Electrophoresis was carried out 
at 40-50 V in cold room to ensure that the gel does not melt during the run. The band 
of interest was located using a hand-held, long wavelength UV lamp. This minimised 
radiation damage to the DNA. Using a sharp scalpel or razor blade, a slice of agarose 
containing the band of interest was cut out and transferred to a clean, disposable 
eppendorf tube. DNA was eluted from the gel slice as mentioned below and checked on 
1% (w/v) agarose gel. 
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Purification of DNA from low melting agarose gel 
Three volumes of TE buffer were added to the tubes containing low melting agarose 
carrying DNA and were incubated at 68°C for 10 min. Equal volume of phenol was 
added and the samples were mixed gently followed by centrifugation at 15,000 x g at 
28°C for 5 min. Supernatant was transferred to a fresh tube and extracted with phenol: 
chloroform: isoamyl alcohol (25:24:1) followed by chloroform: isoamly alcohol (24:1) 
extraction. DNA was precipitated with 0.1 volume of 7.5 M ammonium acetate and two 
volumes of EtOH followed by incubation at -20°C overnight. The precipitated DNA 
was washed with 70% (v/v) EtOH, dried under vacuum and dissolved in TE buffer. 
Quantification of DNA 
Absorbance of the purified chromosomal and plasmid DNA at 260 nm and 280 nm 
were taken at appropriate dilutions and the concentration calculated as follows: 
1 OD260 = 50 ng DNA X dilution factor 
The purity of the DNA was calculated by taking the ratio of OD26o/OD2go 
Plasmid DNA digestion with restriction enzymes 
The standard restriction digestion reaction was carried out in a total volume of 20 \i\ 
containing 1 ng of DNA, 1 x buffer of the corresponding restriction enzyme, 1 U of 
restriction enzyme Hind III and autoclaved milli-Q H2O. The reaction mixture was 
incubated at 37°C for 3 h. For preparative digestions the reaction volume was scaled up 
accordingly. 
pUC19 
0 X Buffer M 
milli-Q H2O 
Hind III 
2^1 
2 Hi 
15^1 
l n l ( l U ) 
20fil 
Preparative scale digestion of pUC 19 
The above pilot reaction was upscaled 5 fold. 
pUC19 
0 X Buffer M 
milli-Q H2O 
Hind III 
10 nl 
10 nl 
75 Hi 
5 Hi (5 U) 
100 nl 
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Dephophorylation of linearized plasmid DNA with CIAP 
To the restriction-digested plasmid DNA (75 nl), 10 l^i calf intestinal alkaline 
phosphatase buffer (CIAP buffer), 5 \i\ CIAP enzyme (1 Unl'') and 10 nl of autoclaved 
milli-Q H2O was added. The reaction mixture was incubated at 37°C for 30 min. 
Another aliquot of 5 ^1 phosphatase enzyme was added and incubated further at 37°C 
for 30 min. The reaction was stopped by adding 0.05 mM EDTA and the reaction 
mixture incubated at 68°C for 10 min for inactivating the CIAP enzyme. Extraction 
was done with phenol: chloroform: isoamyl alcohol (25:24:1) followed by chloroform: 
isoamyl alcohol (24:1). DNA was precipitated with 0.1 volume of 7.5 M ammonium 
acetate and two volumes of EtOH followed by incubation at -20°C overnight. The 
precipitated DNA was washed with 70% (v/v) EtOH, dried under vacuum and 
dissolved in 50 nl TE. The dephosphorylated plasmid vector was subjected to 0.7% 
(w/v) low melting agarose gel electrophoresis. Linearised pUC19 was eluted from low 
melting gel by the method described previously. 
Partial digestion of chromosomal DNA 
Fragments of total chromosomal DNA for construction of genomic library was 
prepared as follows: 
First pilot experiment was carried out to establish conditions for partial digestion of the 
DNA in order to maximise the yield of fragments with appropriate size for insertion 
into a plasmid vector. Guided by the results of the pilot experiment a large amount of 
total chromosomal DNA was digested and purified by phenol: chloroform extraction. 
Pilot experiment 
Restriction digestion of DNA from Bacillus subtilis RRL BBl with Hind III. 
Chromosomal DNA 
10 X Buffer M 
milli-Q H2O 
Hind III 
2 Hi 
2 Ml 
12 nl 
4 nl (0.2 U) 
20 Ml 
Six aliquots of the above restriction digestion reactions were prepared and incubated at 
37°C for 2, 4, 8, 10, 20 and 30 min respectively. The reaction was stopped by adding 2 
|il of 0.5 M EDTA and incubating at 68°C for 10 min. The samples were checked on 
1% (w/v) agarose gel. 
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Preparative scale partial digestion of chromosomal DNA 
The above pilot reaction was upscaled 25 fold. 
Chromosomal DNA 
10 X Buffer M 
milli-Q H2O 
Hind III 
50 Hi 
50 Hi 
300 nl 
100 nl (5 U) 
500 nl 
The above reaction mixture was incubated at 37°C for 6 min and the reaction was 
stopped by adding 50 nl of 0.5 M EDTA followed by incubation at 68°C for 10 min. 
The DNA sample was run on 1% low melting agarose gel along with 1 kb DNA ladder. 
Region of gel rich in 1-6 kb DNA was cut and eluted from the gel as described 
previously. 
Ligation reaction 
Following was the ligation assay mixture 
pUC19/Hind III/CIAP 
Chr.DNA/Hind III /I-6 kb eluted 
10 xT4 DNA ligase buffer 
milli-Q H2O 
T4 DNA ligase 
1^1 
10 nl 
2^1 
6nl 
Ifil 
20 nl 
The ligation was performed at 16°C overnight. The ligated DNA was precipitated with 
0.1 volume of 7.5 M ammonium acetate and two volumes of EtOH followed by 
incubation at -70°C overnight. The precipitated DNA was washed with 70% (v/v) 
EtOH, dried under vacuum and dissolved in 5 \i\ milli-QH20. 
Transformation of Escherichia coli JMllO 
Preparation of competent cells 
1-litre of NZY medium was inoculated with 1% (v/v) seed of a fresh overnight culture 
oi Escherichia coli JMl 10. The culture was grown at 37°C with vigorous shaking to an 
OD600 of 0.6-0.8. The above culture was chilled for 15-30 min and centrifuged at 7,000 
X g at 4°C for 10 min. The supernatant was removed completely at the cost of few cells. 
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The pellet was washed with 1 litre of ice cold DDW followed by a second washing with 
500 ml of ice cold DDW. The cells were then washed with 20 ml of ice-cold 10% (v/v) 
glycerol. The cell pellet was resuspended in a final volume of 2-3 ml ice-cold 10% 
(v/v) glycerol. The cell concentration was maintained at about 2 x 1 0 cells/ml. This 
suspension was frozen in aliquots of 100 |il and stored at -70°C. The cells could be 
used for at le£ist six months under these conditions. 
Electro-transformation and plating 
The cells were thawed gently on ice. 100 \i\ of the cell suspension was mixed with 5 \il 
of ligated mixture in eppendorf tubes and left on ice for 1 min. The Gene pulser 
apparatus was set at 25 fiF, 2.5 kV and 200 Q. The mixture was transferred to a cold 
sterile electroporation cuvette. The suspension was pulsed once at the above settings. 
The cuvette was removed from the chamber and 1 ml NZY medium was added 
immediately. The cell suspension was transferred to a polypropylene tube and 
incubated at 37°C for 1 h with shaking at 100 rpm. The pulse parameters were checked 
and recorded. The transformed mixture was diluted serially, plated out on 
NZY/Amp/Sm/X-gal/IPTG and incubated for 24 h at 37°C. 
Following precautions were taken 
1. Time was kept constant between 4 and 5 milliseconds. The field strength was 
calculated as actual volts/cuvette gap (cm) 
2. The gene pulser apparatus was set to 2.5 kV when using 0.2 cm cuvettes and 
between 1.5 to 1.8 kV for 0.1 cm cuvettes 
3. DNA containing too much salt made the sample conductive and caused arching at 
high voltage. 
Screening of the recombinant plasmid clones 
The tributyrin diffusion agar method is more convenient and more sensitive for the 
detection of ester hydrolase activity (Kugimiya el al, 1986). Lipolytic activity of the 
Escherichia coli transformants were tested on tributyrin plates containing 1% (v/v) 
tributyrin. Cells were incubated on the tributyrin plates for 24^8 h at 37°C. 
Transformants harboring the recombinant plasmid containing the ester hydrolase gene 
formed a clear zone around the colony after the gene gets expressed. 
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Expression of the ester hydrolase in recombinant Escherichia coli JMl 10 
The zone-producing Escherichia coli JMl 10 clones were grown in NZY medium at 
37°C for 18 h and then collected by centrifugation at 7,000 x g at 4°C for 10 min. The 
cells were washed with 50 mM Tris-HCl buffer, pH 6.8 and then resuspended in the 
same buffer. The cells in the suspension were disrupted by ultrasonication, and 
centrifuged at 40,000 x g at 4°C for 45 min. Lipase activity was assayed at 37°C by the 
method involving tributyrin as the substrate, as described previously. The amount of 
total protein was measured by the method of Bradford (1976) with bovine serum 
albumin as the standard. 
Isolation and purification of ester hydrolase from recombinant strain 
The recombinant clone Escherichia coli JMl 10 bearing plasmid pBS21 was grown in 
3-litre NZY medium at 37°C in the presence of 75 ngml"' ampicillin and 50 jigml'' 
streptomycin. The cells were harvested by centrifugation at 7,000 x g at 4°C for 10 
min, washed with 50 mM Tris-HCl buffer, pH 6.8 and disrupted in 50 mM Tris-HCl 
buffer, pH 6.8 containing 2mM EDTA, 1 mM DTT and 0.1 M ammonium sulphate by 
ultrasonication in MSE 50 KHz ultra-sonifier at 4°C for 1 min, repeating five times 
with intermittent cooling on ice. The cell free extract (CFE) was obtained by 
centrifugation of the cell homogenate at 40,000 x g at 4°C for 45 min. 
The cell free extract was then used as the starting material for enzyme purification. The 
enzyme designated as BSL21 was purified using the same three-step purification 
protocol that was used to purify BBL from the cell free extract of Bacillus subtilis RRL 
BBl viz. ammonium sulphate precipitation, hydrophobic interaction chromatography 
and ion-exchange chromatography albeit with one modification that the enzyme from 
phenyl-Sepharose CL-4B column was eluted with a linear ammonium sulphate gradient 
from 0.25-0 M in 50 mM Tris-HCl buffer, pH 6.8. 
SDS-PAGE and zymography 
For estimation of relative molecular weight 11% SDS-PAGE was run along with the 
following standard molecular weight markers: a2-macroglobulin (180 kDa), 
P-galactosidase (116 kDa), fructose-6-phosphate kinase (84 kDa), pyruvate kinase (58 
kDa), fumarase (48.5 kDa), lactic dehydrogenase (36.5 kDa) and triosephosphate 
isomerase (26.6 kDa). 
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To detect the presence of ester hydrolase, the gel was soaked at room temperature in a 
solution containing a-naphthyl acetate and Fast blue RR salt and the activity was 
visualized as a red band. 
DNA Sequencing 
Sequencing PCR 
The Big Dye Terminator sequencing kit (ver. 2) was used in the sequencing reaction. 
The 20 nl sequencing PCR assay consisted of 8 |il ready reaction mix (RR mix), 3.2 
pmoles of the forward or the reverse primer and 3-100 ng of the vector DNA, 
depending upon its size. 25 cycles of 96°C for 10 s; 50°C for 5 s and 60°C for 4 min 
were performed in a thermocycler (Mastercycler Gradient, eppendorf, Germany) and 
the extension products were processed for purification. 
Purification of the extension products 
To the 20 jil product of the sequencing PCR, 80 \i\ of sterile milli-Q H2O was added to 
make up the volume to 100 |il. 250 jil of absolute ethanol and 10 jil of 3 M Sodium 
acetate (pH. 5.6) were added to the diluted extension product. The contents were mixed 
gently and centrifuged at 18,000 x g for 20 min. the supernatant was discarded and the 
pellet was washed with 250 |il of 70% (v/v) ethanol twice at 18,000 x g for 5 min. The 
supernatant was discarded and the pellet was air-dried. The pellet was dissolved in 12 
Hl of TSR (template suppressing reagent) or HiDi formamide and incubated at 94°C for 
2 min in a dry bath. The tubes were immediately put in an ice bath before loading the 
samples on the DNA sequencer. 
Sequencing and sequence analysis 
The samples were loaded onto the ABI Prism 310 Genetic Analyzer (Perkin- Elmer) for 
sequencing using the Big Dye Terminator chemistry. The DNA sequences thus 
obtained were edited, if necessary, assembled and analyzed by Autoassembler software 
(Applied Biosystems Inc., USA) and DNASTAR software (Lasergene). The sequences 
were aligned to those in the public domain (GenBank) by using the program BLASTN 
(Altschul e/rt/., 1997). 
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Chapter 5 
RESULTS 
While undertaking the screening of microorganisms for the presence of unique ester 
hydrolases, a strain of Bacillus designated as RRL BBl was identified that possesses an 
enantioselective hydrolase. The enzyme has been designated as BBL throughout the 
text in this manuascript. The organism was identified as Bacillus subtilis by 16S rDNA 
typing. The enzyme from this strain was comprehensively studied and found to possess 
broad substrate specificity with moderate to high enantio-selectivity, a characteristics of 
an industrially potential lipase/esterase. 
Screening for lipolytic enzyme in Bacillus subtilis RRL BBl 
Presence of esterolytic/lipolytic activity in B. subtilis RRL BB1 was analysed by agar 
diffusion plate assay with tributyrin as substrate and Rhodamine B plate assay 
containing olive oil as the substrate. The strain showed good esterolytic activity on 
tributytrin agar plates as confirmed by the appearance of clearing zones around the 
colonies (Fig. lA) but poor lipolytic activity as seen by mild fluorescence emission 
from Rhodamine B due to the hydrolysis of olive oil (Fig. IB). 
Growth and enzyme profile of RRL BBl 
The LB medium (100 ml) was inoculated with 1% seed from the overnight grown 
Bacillus subtilis RRL BBl culture. The maximal production of ester hydrolase (58-65 
lUg" wet cell mass) was obtained with inoculum size of 10 cellsml" after 18 h 
incubation. The time course of ester hydrolase production was followed at 37°C along 
with cell growth (Fig. 2). The ester hydrolase activity of whole cells was measured at 2 
h interval from 4-28 h of incubation. No measurements were taken prior to 4 h of 
incubation as the culture remained in lag phase during this period. The ester hydrolase 
activity peaked to reach the maximum (65 lUg"' wet cell mass) at the end of the 
exponential phase. 
The mean generation time (g) can be defined as the time that a microorganism takes to 
double its population number during the exponential growth phase. The mean growth 
rale constant (k) is the inverse of the mean generation time. The estimate of the mean 
generation time (g) of RRL BBl cells was found to be 1.21 h. whereas the estimate of 
the mean growth rate constant (k) was 0.67 h ' . 
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(A) 
(B) 
Figure 1. Agar diffusion plate assay for ester 
hydroalse from Bacillus subtilis RRL BBl 
(A) Tributyrin hydrolysis 
(B) Olive oil hydrolysis 
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Figure 2. Growth and enzyme activity of ester 
hydrolase from Bacillus subtilis RRL BBl 
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Figure 2. Growth and enzyme activity of ester 
hydrolase from Bacillus suhtilis RRL BBl 
Whole cells of 5. sublilis RRL BBl showed ester hydrolase activity with tributyrin as 
substrate. However, the cell free broth obtained by centrifugation of the culture didn't 
show any enzyme activity indicating, therefore, the peculiarit>' of the hydrolase as 
endocellular or cell membrane bound unlike the lipase/esterases extensively reported 
from Bacillus subtilis. 
Media optimisation in batch for the growth and enzyme production of Bacillus 
subtilis RRL BBl 
Effect of different media on the growth and enzyme production 
Various growth media were tried at shake flask level to find the appropriate media for 
the optimum growth of the organism and the enzyme production (Table 3). Highest 
ester hydrolase production of 62 lUg'' wet cell mass was observed when B. subtilis 
RRL BBl was grown in LB with maximum wet cell mass of 5.0 gL"'. The BBl. 
production in YPD medium and in nutrient medium (M3) was 54-55 lUg"' wet ceil 
mass with cell mass of 4.6-5.0 gL'', respectively, in comparison to CSL medium where 
the enzyme production was 30 lUg'' wet cell mass and cell mass 4.3 gL"'. Lowest BBL 
production vis-a-vls cell mass was observed with mannitol medium (Ml). 
Effect of temperature on the growth and enzyme production 
Effect of different temperature during 18 h growth of B. subtilis RRL BBl was 
determined in LB. The ester hydrolase production was examined at 29°C, 37°C and 
50°C. B. subtilis RRL BBl could grow and produce ester hydrolase at temperature 
between 29-37°C, however, optimum growth vis-a-vis enzyme production was 
observed at 37°C. The organism, however, did not grow at 50°C. 
Effect of carbon and nitrogen sources on the growth and enzyme production 
B. subtilis RRL BBl was cultured in the medium containing different carbon and 
organic and inorganic nitrogen sources to find the conditions leading to the highest 
production of the enzyme. B. subtilis RRL BBl grown at shake flask level showed a 
significant increase in enzyme activity from 62 lUg"' wet cell mass to 108 lUg' wet 
cell mass in LB, when an additional concentration of 1% (w/v) yeast extract was 
incorporated into the medium (Table 4) with a concomitant increase in cell mass from 
4.5 gL"'-8.4 gL''. Other nitrogen sources like peptone, tryptone and beef extract also 
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showed significant increase in enzyme production (80-85 lUg" wet cell mass) vis-a-vis 
cell mass (6.0-8.4 gL'') but inorganic nitrogen source like urea and ammonium nitrate 
failed to have any influence on the enzyme production. 
Various sugars when examined as carbon sources at a concentration of 1% (w/v) failed 
to show any increase in the enzyme production. The presence of carbon sources like 
sorbitol, sucrose and lactose did not produce any significant change in the enzyme 
profile. There was appreciable decrease (approximately 40%) in enzyme activity when 
culture was grown in the presence of mannitol, glycerol and glucose, although an 
increase in the cell mass by a fold of 1.5 was observed. Presence of starch also 
decreased enzyme activity by about 75% (Table 5). 
Effect of different inducers on the growth and enzyme production 
Changes in the activity profile of BBL was studied under the influence of selected oils 
and known inducers. It was observed that the enzyme activity increased by more than 
4.0 fold when 1% (w/v) olive oil was added to the culture medium during the 
exponential growth phase (Fig. 3 and Fig. 4). Addition of 1% (w/v) rapeseed oil and 
1% (w/v) mustard oil also led to an appreciable increase (approximately 2.2 to 3.2-fold) 
in the enzyme activity. Coconut oil influenced the enzyme production marginally, 
however, other compounds like Tweens did not have any influence on the enzyme 
production (Table 6). 
Table 3: Effect of different media on celt mass and enzyme activity 
Media used 
LB 
Nutrient medium 
Mannitol medium 
YPD 
CSL 
Initial pH 
7.18 
7.14 
7.0 
6.5 
7.0 
Final pH 
7.86 
7.98 
6.92 
5.94 
6.85 
Wet cell mass 
(gL') 
5.0 ±0.5 
5.0 ±0.2 
4.0 ±0.1 
4.6 ±0.3 
4.3 ±0.1 
Enzyme activity 
(lUg"' wet cell mass) 
62 ±2 
55 ±3 
23 ± i 
54 ±4 
30 ± 3 
Average of three sets of experiments 
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Table 4: Effect of different nitrogen source on cell mass and enzyme activity 
Nitrogen 
Sources used 
LB 
Yeast extract 
Tryptone 
Beef extract 
Peptone 
Urea 
NH4NO3 
Cone, used 
% (w/v) 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
Wet cell mass 
(gL-') 
4.7 ±0.5 
8.4 ±0.3 
6.0 ±0.2 
6.5 + 0.4 
6.2 ± 0.6 
5.0 ±0.2 
4.8 ±0.3 
Enzyme activity 
(lUg'' wet cell mass) 
58 ± 2 
108±3 
80 ± 5 
85 ± 5 
80 ± 2 
64 ± I 
64 + 3 
Average of three sets of experiments 
Table 5: Effect of different carbon sources on cell mass and enzyme activity 
Carbon sources 
LB 
Lactose 
Sucrose 
Sorbitol 
Mannitol 
Glucose 
Starch 
Glycerol 
Cone, used 
% (w/v) 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
Wet cell mass 
(gL') 
4.5 ± 0.5 
9.0 ± 0.4 
8.0 ±0.5 
8.5 ±0.2 
8.0 ±0.3 
8.7 ±0.4 
9.0 ±0.3 
7.8 ±0.2 
Enzyme activity 
( lUg ' wet cell mass) 
60 ± 3 
58 ± 5 
67 ± 4 
69 ±5 
36 ± 2 
35 + 2 
16±3 
32 ± 1 
Average of three sets of experiments 
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Table 6: Effect of different oils and known inducers on enzyme activity 
Inducers used 
LB 
Rapeseed oil 
Cocconut oil 
Olive oil 
Mustard oil 
Tween -20 
Cone, used 
% (w/v) 
1.0 
1.0 
1.0 
1.0 
0.5 
Cell mass 
(gL') 
4.7 ±0.5 
5.7 ±0.4 
6.0 ±0.5 
6.0 ±0.3 
5.8 ±0.1 
4.8 ±0.1 
Enzyme activity 
(lUg"' wet cell mass) 
62 ±2 
162 ±4 
81±6 
240 ±4 
203 ±3 
83 ± 1 
Average of three sets of experiments 
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Figure 3. Effect of 1% olive oil on enzyme production 
from RRL BBl at different phases of growth 
Figure 4.11 % Native-PAGE 
showing enzyme induction in 
Bacillus subtilis RRL BBl 
Lane 1- CFE from uninduced cells 
Lane 2- CFE from induced cells 
Preparation of crude extract 
After growth of Bacillus subtilis RRL BB1 in 5-litre LB medium, cells were harvested 
by centrifugation at 7,000 x g 4°C for 10 min. The cells were suspended in 50 mM 
Tris-HCl buffer, pH 6.8 containing EDTA (1 mM), DTT (1 mM) and ammonium 
sulphate (100 mM) and disrupted by ultra sonic waves in MSE 50 KHz ultra-sonifier at 
4°C for 5 min with intermittent cooling. Cell debris was removed by centrifugation at 
40,000 X g at 4°C for 45 min and the cell free extract was used as the starting material 
for enzyme purification. 
Purification of enzyme 
All purification steps were performed at 5-8°C except hydrophobic interaction 
chromatography that was performed at 28°C. Tris-HCl buffer, pH 6.8 was used as a 
standard buffer throughout the purification. 
Ammonium sulphate precipitation 
200ml of crude enzyme solution, containing 1545 units, was brought to 70-90% 
saturation with solid ammonium sulphate (Fig. 5) with stirring at 4°C (as described in 
materials and methods). After centrifugation at 15,000 x g at 4°C for 30 min the 
precipitate was resuspended in 40 ml of 0.25 M ammonium sulphate in 50 mM Tris-
HCl, pH 6.8. Insoluble material was removed by centrifugation at 15,000 x g at 4°C for 
30 min. The partially purified enzyme precipitated by ammonium sulphate had specific 
activity of 7.72 lUmg'' protein with the total activity of 1120 lU. The recovery of the 
enzyme was approximately 72% with the purification fold of 3.66 (Table 7). 
Hydrophobic interaction chromatography 
The reconstituted 70-90% ammonium sulphate precipitated fraction was subjected to 
FPLC using phenyl-Sepharose CL-4B resin. The enzyme adsorbed strongly to the resin 
in the presence of 0.25 M ammonium salt in 50 mM Tris-HCl buffer, pH 6.8. The 
enzyme could not be eluted by using descending linear gradient of ammonium sulphate 
of 0.25-0 M in 50 mM Tris-HCl buffer, pH 6.8. The bound ester hydrolase was, 
however, eluted with a linear gradient of 1% (w/v) chelate in 50 mM Tris-HCl buffer, 
pH 6.8. The elution profile of the enzyme on phenyl-Sepharose CL-4B column is 
shown in Fig. 6. The purified enzyme thus eluted had the highest specific activity of 
203 lUmg"' protein with the total activity of 752 lU. The recovery of approximately 
48% with the purification fold of 95.84 was obtained by this procedure (Table 7). 
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Ion-exchange chromatography 
The active fractions from phenyl-Sepharose CL-4B column were pooled and applied to 
Mono-Q HR5/5 column. By applying a linear gradient of 0-1.0 M NaCl in 50 mM 
Tris-HCl, pH 6.8, 5 mg (500 U) of enzyme was eluted from the column (Fig. 7A). The 
active fractions were pooled, desalted and rechromatographed on Mono-Q HR5/5 
column and eluted with a linear NaCI gradient from 0-0.5 M in 50 mM Tris-HCl, pH 
6.8 (Fig. 78). The specific activity of the purified enzyme was 450 lUmg"' protein with 
the total activity of 405 lU. The purification fold of 213 when compared with crude 
starting material with a yield of 26% was obtained (Table 7). Purity of the enzyme was 
confirmed by the presence of a single band on SDS-PAGE gels (Fig. 8A). In addition, 
zymogram of ester hydrolase activity on the gels revealed a single ester hydrolase band 
that corresponds to the position of the protein band (Fig.8B). The purified enzyme 
preparation was used for the subsequent bio-chemical characterization. 
Molecular weight determination and N-terminal sequence 
The purified enzyme appeared as a single band on SDS-PAGE at a migration distance 
corresponding to a molecular mass of approximately 45 kDa. N-terminal amino acid 
sequencing of the purified enzyme blotted on PVDF was as follows: 
Thr-Lys-Leu-Thr-Val-Gln-Thr-Arg-Asp-Giy-AIa-Leu-Arg-Gly-Thr 
The N-terminal amino acid sequence was compared with protein sequences in the 
Swiss prot data bank using BLAST program. The amino acid sequence showed 
approximately 50% homology with the N-terminal amino acid sequence of Bacillus 
licheniformis carboxylesterase. 
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Figure 8A. 10% SDS-PAGE of RRL BBl 
ester hydrolase from different purification steps 
Lane 1. CFE 
Lane 2. 70-90% Ammonium sulphate ppt. 
Lane 3. HIC fraction 
Lane 4. Mono-Q fraction 
Lane 5. MW markers 
(a) (b) 
Figure 8B. 10% Native-PAGE of different 
fractions from RRL BBl 
(a) Protein staining: 
Lane 1: 70-90% Ammonium sulphate ppt, 
Lane 2: HIC fraction, Lane 3 & 4: Mono-Q 
fraction 
(b) Enzyme activity: 
Lane 5 & 6: Mono-Q fraction, Lane 7: HIC 
fraction. Lane 8: 70-90% Ammonium 
sulphate ppt 
Characterization of ester hydrolase from Bacillus subtilis RRL BBl 
Substrate preference 
Chain length dependence of the ester hydrolase was investigated towards various 
triglycerides and synthetic substrates. With respect to the fatty acid specificity the 
enzyme hydrolyzed triglycerides containing short to medium chain fatty acids (C2 to 
Ce) than long chain fatty acids (Cg to Cig). The BBL showed the highest activity 
towards tributyrin (C4 acyl group) among the substrates examined. When the acyl 
chain length of the substrate was increased above C4 there was a steep decrease in 
enzyme activity. The activity of BBL on triacetin (C2 acyl group) was 66% of that 
found on tributyrin. Triglycerides of Cg to Cig 1 were not hydrolyzed. 
The substrate specificity for the ester hydrolase was also studied with p-nitrophenyl 
fatty acyl esters of various chain lengths (C2 to Cig). The ester hydrolase showed the 
highest activity toward p-nitrophenyl butyrate (C4 acyl group) and p-nitrophenyl 
acetate (C2 acyl group) among the substrates examined, with relative activities of 100% 
and 92%, respectively. The enzyme also showed activity towards p-nitrophenyl 
caproate (Ce acyl group), p-nitrophenyl caprylate (Cg acyl group) and p-nitrophenyl 
laurate (C12 acyl group) with relative activities of about 63%, 47% and 35%, 
respectively. With p-nitrophenyl palmitate (C16 acyl group), however, the enzyme 
failed to show any activity. 
Effect of pH/temperature on activity and stability of ester hydrolase 
The activity and stability of enzyme was measured titrimetrically using tributyrin as 
substrate at various pH values (5.0-10.0) and at a wide range of temperatures (20-
50°C). The purified enzyme showed optimum activity at pH 8.0 and the activity 
reduced drastically at pH 6.0 (17%) and was 25% of the maximum at pH 9.5 (Fig. 9A). 
The enzyme was remarkably stable at pH 7.0-9.0 retaining 100%) of the maximum 
activit) at pH 7.0 and more than 92% of the maximum activity at pH 8.0 and 9.0, 
rcspecti\cl\. after 24 h. The enzyme was. however, completely inactivated at acidic pH 
4.0 (Fig. 9B). Activity remained above 70%, even after 48 h of storage at pH 7.0. 
The enzsmc exhibited maximum activity at a temperature of approximately 37°C (Fig. 
lOA). n i e enzyme was found to be fairly stable upto 40°C. The stability of the enzyme 
decreased sharply above 40°C and virtually no activity remained after a 30-min 
incubation at 50°C (Fig. lOB). 
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Kinetic parameters 
Kinetic experiments were performed by using the standard activity assay with p-
nitrophenyl butyrate (C4 acyl group) and p- nitrophenyl caproate (Ce acyl group) as 
well as with triacetin (C2 acyl group) and tributyrin (C4 acyl group) as substrates. The 
Km value was determined to be 0.045 mM and 0.077 mM, respectively, with p-
nitrophenyl butyrate and p- nitrophenyl caproate (Fig. 11). Km value for tributyrin and 
triacetin was 0.196 mM and 2.22 mM, respectively (Fig. 12A and 12B). 
The Vmax values obtained from the incubation of the enzyme with each of the above 
substrates are expressed as units per ml. From the Lineweaver-Burk plot, the Vmax 
values were calculated to be 166.66 lUml"' and 111.11 lUml"', respectively, with p-
nitrophenylbutyrate and p- nitrophenylcaproate and 37 lUml' and 23.8 lUml"', 
respectively, with tributyrin and triacetin. 
Sensitivity to inhibitors 
The effect of selected range of inhibitors on the enzyme activity of purified enzyme 
was investigated. Table 8 shows that BBL was almost completely inactivated by 2 mM 
PMSF, an inhibitor of serine proteases. However, the divalent metal chelating agent 
EDTA (1 mM) did not inhibit ester hydrolase activity significantly following 
incubation of the enzyme for 30 min at 30°C. The reducing agent DTT (1 mM) and P-
mercaptoethanol (1 mM) and the sulphydryl-reactive reagent dimethylformamide (1 
mM) also showed a low inhibitory effect. However, ascorbic acid (ImM) decreased the 
enzyme activity by 56%. Among the oxidizing agents, the enzyme retained 91.7% 
activity with ammonium persulphate (ImM), while as 84% of the maximum activity 
was retained with potassium iodide (ImM). 
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Figure 10. Effects of temperature on enzyme activity and stability 
(A) The lipase activity was measured at various temperatures by the pH-
stat method at pH 7.5 and results expressed as a percentage of the 
maximal activity. 
(B) Purified lipase solutions were incubated for 30 min at the indicated 
temperatures. Residual activity was measured by the pH-st9t method at 
37«C and pH 7.5 
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Figure 11. Line Weaver Burk plot of BBL for p-nitrophenyl butyrate (pNPB) 
and p-nitrophenyl caproate (pNPC) 
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Effect of different organic solvents on enzyme activity 
Various organic solvents were found to affect the enzyme activity of BBL when the 
enzyme was incubated with ethanol, methanol, propanol and acetone. About 70-80% 
residual activity was observed when BBL was incubated in the presence of 20% (v/v) 
of methanol, ethanol, propanol and acetone at 30°C for 30 min. However, significant 
loss of activity was observed in presence of 60% (v/v) acetone and 60%o (v/v) methanol 
with residual activity of 44-46%, while as almost complete inactivation was observed 
in presence of 60% (v/v) ethanol and 60% (v/v) propanol (Table 9). 
Effect of different surfactants on enzyme activity 
The effect of different surfactants on the enzyme activity (Table 10) indicated that the 
enzyme BBL was fairly stable to Triton-X 100, CHAPS, Tween-20 and sodium 
deoxycholate. However, almost total destabilisation of enzyme was seen with SDS and 
cetrimide at a cone, of 0.1% (w/v). 
Effect of different metal ions on enzyme activity 
The effect of some mono- and divalent cations on the ester hydrolase activity was 
assessed and the results obtained at 1 mM metal ion concentrations were compared. 
Mg^ ,^ Na"^ , Ca^ "^ , Ba^ "^  and Mn^ "^  had a negligible effect on the activity of the enzyme, 
with 92-95% activity being obtained, respectively. The metal ions Hg^ ^ and Pb^ ^ 
inhibited the ester hydrolase by about 40%, whereas Ag^ ,^ Fe^ "^ , Fe^ "^ , Zx^* and Cu^ * 
reduced the activity to less than 30%. Li^  and K ,^ however, had no effect on ester 
hydrolase activity (Table 11). 
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Table 7: Purification of ester hydrolase from RRL-BBl 
Sample 
CFE 
70-90% ppt. 
phenyl-
Sepharose 
Mono-Q 
Total 
protein 
(mg) 
732 
145 
3.70 
0.90 
Total 
activity 
(lU) 
1545 
1120 
752 
405 
Specific activity 
(lUmg"* protein) 
2.11 
7.72 
203.24 
450 
Purification 
(fold) 
1.0 
3.66 
95.84 
213 
Yield 
(%) 
100 
72.49 
48.67 
26.21 
Table 8: Effect of different inhibitors on enzyme activity 
Name of the 
Inhibitors 
PMSF 
EDTA 
DTT 
Ascorbic acid 
P-Mercaptoethanol 
Dimethylformamide 
Ammonium persulphate 
Potassium iodide 
Control 
cone, used 
(mM) 
2.0 
1.0 
2.0 
1.0 
1.0 
1.0 
1.0 
1.0 
% Residual activity 
Nil 
94.8 ± 2.6 
76.4 + 3.4 
44.2+1.7 
80.4 ± 1.1 
76.1 +2.3 
91.7±2.7 
84.2 ±1.8 
100.0 
Average of three sets of experiments 
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Table 9: Effect of different solvents on enzyme activity 
Solvent Used 
Ethanol 
Methanol 
Propanol 
Acetone 
Control 
Conc.used 
% (v/v) 
20 
40 
60 
20 
40 
60 
20 
40 
60 
20 
40 
60 
% Residual activity 
70.09 ± 1.5 
35.21 ± 1.2 
7.97 ± 2.3 
78.07 ±2.4 
68.43 ±2.1 
45.84 ± 1.7 
78.07 ± 2.3 
22.92 ± 1.6 
3.65 ± 1.4 
83.38 ±3.2 
64.45 ± 2.9 
43.85 ±1.3 
100.0 
Average of three sets of experiments 
Table 10: Effect of different surfactants on enzyme activity 
Surfactant Used 
SDS 
Tween 20 
Sodium-deoxycholatc 
Triton X-100 
Cctrimide 
CHAPS 
Control 
Cone. Used % (w/v) 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
% Residual Activity 
11.6 ± 1.2 
82.1 ±2.4 
67.1 ± 1.9 
81.7± 1.4 
6.6± 1.1 
70.4 ± 1.7 
100.0 
Average of three sets of experiments 
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Table 11: Effect of different metal ions on enzyme activity 
Metal ions used 
Ag 
Fe"" 
Fe""" 
Mg** 
Mn^^ 
Cu^ 
Li^  
Na* 
Ba"^ 
Hg*^ 
Pb*" 
Zn^" 
r 
Ca^ ^ 
Control 
Conc.used 
(mM) 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
I.O 
1.0 
1.0 
1.0 
1.0 
1.0 
% Relative activity 
30.2 ±3.1 
29.0 ± 1.7 
26.0 ±0.9 
95.4 ±1.1 
92.3 ±2.2 
28.5 ±1.5 
100.0 ±0.7 
92.8 ±1.2 
94.6 ± 1.7 
63.6 ±2.2 
61.7±3.1 
28.3 ±2.4 
100.0±1.1 
92.5 ±1.4 
100.0 
Average of three sets of experiments 
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Enantioselectivity profile 
Hydrolysis of acylates 
BBL, the ester hydrolase from Bacillus subtilis RRL BBl after having studied for ester 
hydrolysis of varied substrates depicted its peculiar applicability in the kinetic 
resolution of substrates of varied chemical structures. The most suitable example is 
alkyl acylates of 1-(phenyl) ethanols (compound I, Reaction scheme 1). The enzyme 
displayed higher enantioselectivity (i?-ester) when propionate and butyrate was the 
ester group as compared to acetates of l-(phenyl)ethanol, l-(4-methoxyphenyl), l-(4-
chlorophenyl) and 1-(4-fluorophenyl) ethanols. However with dioxygen substitution in 
the aromatic nucleus [e.g. l-(3,4-methylenedioxyphenyl)ethanol], BBL depicted 
excellent enantioselectivity towards all three alkyl acylates i.e. acetate, propanoate and 
butanoate respectively (Reaction scheme 1, Table 12). Enantiomeric excess (ee%) of 
the resolved alcohol was determined by chiral HPLC after its separation and conversion 
to acetate. 
Reaction scheme 1 
OH 
RRL-BB1 
1 2 3 
Bacillus subtilis RRL BBl (wet whole cells) upon reaction with alkyl acylates of l-(6-
methoxy-2-naphthyl)ethanol (compound 4, Reaction scheme 2) as substrates, depicted 
enantiopreference for /?-esters in all substrates with maximum enantioselectivity for 
butyrates. The purified enzyme (BBL), when used for kinetic resolution reaction of 
compound 4 (R=COCH2CH2CH3), displayed the similar enanliosclcctivil\ (cc == 99%) 
without any significant change in the rate of hydrolysis (Reaction scheme 2. Table 13). 
Thus the results obtained with purified enzyme (BBL) were comparable to the results 
obtained with RRL BBl when the organism was used as a wet whole cell pellet in the 
assay. 
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Reaction scheme 2 
CH3O CH3O CH3O 
4 5 6 
With primary alcohols as the substrate the enzyme selectively preferred 5'-enantiomer 
when alkyl acylates of racemic 2-methyl-2-(6-methoxy-2-napthyl) ethanol (compound 
7, Reaction scheme 3 ) were used. The substrate selectivity was also apparent as the 
enzyme (BBL) showed low enantiopreference for butyrate compared to acetate 
(Reaction scheme 3, Table 14). The authentic sample of optically pure R-{+) sample of 
compound 8 (Reaction scheme 3) was prepared by LAH reduction of optically pure 
methyl ester of ^-(-)-a-methyl-6-methoxy-2-naphthalene acetic acid. 
Reaction scheme 3 
CH3O 
Hydrolysis of carboxylic esters 
Besides hydrolyzing acylates of primary and secondary alcohols, BBL is also capable 
of resolving alkyl esters of carboxylic esters by selective hydrolysis of one enantiomer 
under the selected assay conditions. The enzyme (BBL) demonstrated moderate 
selectivity for esters of 2-bomopropanoic acid (compound 10) with respect to methyl 
ester (ec ~ 89%), while ver> low selectivity for propyl and butyl esters (Reaction 
scheme 4, Table 15). 
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Reaction scheme 4 
Br Br Br 
RRL-BB1 
COOR COOH 
+ COOR 
10 11 12 
Biocatalytic activity of RRL-BBl (wet whole cells) was also explored for the resolution 
of ethyl 2-hydroxy-4-phenylbutanoate (compound 13) that is an intermediate used in 
the synthesis of ACE inhibitors. The hydrolase once again depicted enantiopreference 
for 5-isomer for ester hydrolysis, yielding the required i?-ester (compound 15) of 82% 
optical purity. Using purified enzyme, there was no significant change in 
enantioselectivity (ee ~ 80%) and rate of hydrolysis. Similar results were also obtained 
when cell free extract and purified enzyme were used for the kinetic resolution studies 
of compound 13 (Reaction scheme 5, Table 16). 
Reaction scheme 5 
OH 
COOEt 
V ^ 
BBL COOEt 
V ^ ^ ^ ^ 
13 14 15 
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Table 12: BBL-catalyzed enantioselective hydrolysis of alkyl acylates of racemic 1-
(phenyl)ethanols 
s. 
No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
R 
H 
H 
H 
4-OCH3 
4-OCH3 
4-OCH3 
4-Cl 
4-Cl 
4-Ci 
4-F 
4-F 
4-F 
3,4-methylenedioxy 
3,4-methylenedioxy 
3,4-methylenedioxy 
Ri 
COCH3 
COCH2CH3 
COCHjCH^CHj 
COCH3 
COCH2CH3 
COCH2CH2CH3 
COCH3 
COCH2CH3 
COCH2CH2CH3 
COCH3 
COCH2CH3 
COCH2CH2CH3 
COCH3 
COCH2CH3 
COCH2CH2CH3 
Conversion' 
(%) 
21 
35 
19 
33 
31 
30 
23 
28 
26 
21 
23 
22 
23 
27 
33 
Conflguration 
of the product 
2 
R 
R 
R 
R 
R 
R 
R 
R 
R 
R 
R 
R 
R 
R 
R 
1 - 1 . _ _ 
e e % 
of 2" 
42 
99 
99 
34 
85 
99 
99 
99 
99 
15 
99 
99 
99 
99 
99 
, temperature 
20±rC, reaction time 24 h, phosphate buffer (O.IM), pH 7.0, isolated yields 70-
75%. 
b ee % calculated from chiral HPLC and optical rotation values. 
Table 13: BBL-catalyzed enantioselective hydrolysis of alkyl acylates of racemic 1-
(6-methoxy-2-naphthyl)ethanol 
S.No. 
1 
2 
3 
4' 
Ri 
COCH3 
COCH2CH3 
COCH2CH2CH3 
COCH2CH2CH3 
Conversion" (%) 
22 
33 
28 
30 
Configuration of 5 
R 
R 
R 
R 
eeyoofS" 
24 
70 
99 
99 
1 . . " 
25±1°C, reaction time 66 h. phosphate buffer (0.1 M). pH 7.0. isolated yields 75-
80%. 
b ee% determined by comparison with known optical rotation value, 
c Reaction with purified enzyme; substrate (mg): enzyme units (1:0.12). 
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Table 14: BBL-catalyzed enantioselective hydrolysis of alkyi acylates of racemic 2-
methyl-2-(6-methoxy-2-naphthyl)ethanol 
S.No. 
1 
2 
3 
Ri 
COCH3 
COCH2CH3 
COCH2CH2CH3 
Conversion* (%) 
22 
30 
19 
Configuration of 8 
S 
S 
s 
T ^ , -1 . . . . - ^C 
eeVoofS" 
67 
29 
23 
1 1 or-' 
reaction time 24 h, phosphate buffer (0.1 M), pH 7.0, isolated yield 75-80%. 
b ee% determined by chiral HPLC and optical rotation values. 
Table 15: BBL-catalyzed enantioselective hydrolysis of alkyl esters of racemic 2-
bromopropanoic acid 
S.No. 
1 
2 
3 
Ri 
CH3 
CH2CH3 
CH2CH2CH2CH3 
Conversion* (%) 
22 
33 
34 
Configuration of 11 
S 
S 
s 
^ ^ . 1 -1 . 
e e y o o f l l " 
89 
5 
8 
reaction time 4 h, phosphate buffer (0.1 M), pH 8.0, isolated yields 55-60%. 
b ee% detemined by optical rotation values. 
Table 16: BBL-catalyzed enantioselective hydrolysis of racemic ethyl 2-hydroxy-4-
phenylbutanoate 
S.No. 
1 
2 
3 
4 
Enzyme from 
Wet whole cells 
Cell free extract 
Partially purified 
Purified 
Conversion* (%) 
65 
62 
65 
66 
Configuration of 
15 
R 
R 
R 
R 
. .1 
ee%ofl5' ' 
82 
75 
78 
80 
time 
28 h, phosphate buffer (0.1 M), pH 7.5. 
b ee% detemined by optical rotation values. 
Cloning of the ester hydrolase gene from Bacillus subtilis RRL BBl 
For cloning the gene encoding ester hydrolase, gene bank of B. subtilis RRL BB1 was 
constructed by cloning the partially digested genomic DNA in Escherichia coli JMl 10 
using vector pUC19 and screening the gene bank for the ester hydrolase gene(s) by 
direct expression. Over view of the construction of genomic library of B. subtilis RRL 
BB 1 in Escherichia coli JM110 is shown in Fig. 13. 
Chromosomal DNA isolation 
Reasonably good quality genomic DNA is a prerequisite for the construction of 
genomic library. As described in materials and methods, total chromosomal DNA was 
isolated from B. subtilis RRL BBl and analysed on 0.7% (w/v) agarose gel 
electrophoresis (Fig. 14). Guanidine thiocyanate being a powerful protein denaturant 
cleaned up the DNA without the use of phenol, traces of which can cause problems in 
restriction digestion and ligation in the subsequent experiments. 
Partial Digestion of chromosomal DNA 
Chromosomal DNA of Bacillus subtilis was partially digested with Hind 111 for two, 
four, six, eight, ten, fifteen and thirty min at analytical level. Six min digestion time 
yielded maximum 1-6 kb fragments. The same restriction digestion reaction was scaled 
up 25 fold for preparative scale preparation of DNA fragments for cloning (Fig. 15). 
The partially digested 1-6 kb fragments were separated by electrophoresis on low 
melting agarose and isolated from the gel. 
Ligation and transformation 
The plasmid pUC19 was restriction digested with Hind III and dephosphorylated with 
calf intestinal alkaline phosphatase (CIAP) enzyme. Digested and dephosphorylated 
pUC19 was ligated with the above partially digested chromosomal DNA. Ligation was 
carried out using T4 DNA ligase and the ligated mixture was transformed in 
Escherichia coli JMIIO by electoporation. The transformed mi.xture was diluted 
serially and plated out on NZY/Amp/Sm/X-gal/IPTG. Overnight incubation of the 
plates at 37°C produced blue/white colonies in the ratio of 1:20 (Fig. 16). 
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Figure 13. Construction of gene bank of 
Bacillus subtilis RRL BBl in E, coli JMllO 
Figure 14.0.7% Agarose gel profile of 
chromosomal DNA from RRL BBl 
23 
11 
9 
6 
2.2 
2 
Figure 15. Preparative digestion of chromosomal 
DNA from Bacillus subtilis RRL BBl with Hind 
III 
Lane 1&4: X DNA cut with Hind HI 
Lane 2&3: Hind HI digested chromosomal DNA 
Figure 16. Photograph showing E. coli cells that 
harbor pUC19 plasmid carrying insertion of 
foreign DNA in the lacX gene: 
Blue colonies contain pUC19 plasmid without 
insert 
White colonies contain pUC19 plasmid with 
insert 
Regeneration of plasmids and estimation of the inserts 
Nine randomly selected colonies were grown in 3ml NZY medium in presence of 75 
i^gml"' ampicillin and 50 ^gml"' streptomycin at 37°C and used for plasmid DNA 
isolation. Analysis of the DNA on 0.7% (w/v) agarose gel isolation indicated the 
presence of the plasmid DNA (Fig. 17). As is clear from the gel picture these clones 
carry the inserts of different molecular weight ranging from 1 to 6 kb randomly 
inserted in the vector (Fig. 18). 
Screening of the recombinant plasmid clones 
The recombinant plasmid clones were replica plated on selection plates containing 
NZY + Ampicillin + Streptomycin + Tributyrin. The plates were incubated at 37°C for 
24-48 h and secreened for production of clearing zone. Two clones out of 3,000 
recombinants were selected on the basis of zone formation (Fig. 19). 
Isolation of plasmid and estimation of insert from zone forming clones 
Plasmid DNA was isolated from the zone-producing clones. Digestion with restriction 
enzyme Hind III indicated the insert size of 1 kb in the first clone and a 4.5 kb insert in 
the second clone (Fig. 20). The clones were designated as BSl and BS2 and the 
respective plasmids from these clones were designated as pBSl and pBS2. 
Subcioning and localisation of the ester hydrolase gene 
To identify the region of the 4.5 kb DNA insert of pBS2 necessary for the production of 
ester hydrolase, several deletion clones from pBS2 were generated by restriction 
enzyme digestion. Digestions of pBS2 were carried out with EcoR I and with Pst I. The 
digested plasmids were then isolated from electrophoresed agarose gel, religated and 
transformed into Escherichia coU JM 110. Screening using NZY plates with 1% (w/v) 
tributyrin showed no ester hydrolase production for Escherichia coli JMllO cells 
harboring the plasmid pBS2 with a 1.7 kb deletion from Pst I digestion. However, 
plasmid pBS2 with a 1.7 kb deletion from EcoR I digestion did show ester hydrolase 
production as revealed by the zymogram of ester hydrolase activity on the 
polyacrylamide gel (Fig. 21). The newly formed plasmid was designated as pBS21. 
Physical map of the recombinant plasmid pBS2 and pBS21 constructed is shown in 
Fig. 22. 
116 
1 2 3 4 5 6 7 8 9 10 
Figure 17.0.7% Agarose gel showing 
pUC 19 (lane 1) and plasmids isolated 
from recombinants (lane 2-10) 
1 2 3 4 5 6 7 8 9 10 
Figure 18. 0.7% Agarose gel showing 
inserts from the plasmids isolated from 
recombinants (lane 2-10) and 1 kb DNA 
ladder (lane 1) 
Figure 19.1% Agarose gel showing the insert size 
of the plasmid pBSl and pBS2 
Lanel: pUC19 digested with Hind III 
Lane2: pBSl digested with Hind HI 
Lane3: pBS2 digested with Hind HI 
Lane4: 1 kb DNA ladder 
Figure 20. Expression of clone with ester hydrolase 
gene on tributyrin agar plate 
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Figure 21.10 % Native-PAGE showing 
enzyme activity 
Lane 1: E, coliSM 110 (pBS21) 
Lane 2: Bacillus subtilis RRL BBl 
Lane 3: E. coli JMllO (pUC19) 
Lane 4: E. coliiM 110 (pBS2) 
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Figure 22 (A) Physical map of pBS2 obtained after 
cloning of Hind III fragments into pUC19. 
(B) Physical map of pB$21 obtained after deletion 
of 1.7 kb within pBS2. 
Expression of the ester hydrolase in Escherichia coii 
Cell homogenates derived from E. coli JMllO harboring plasmids pUCi9, pBSl and 
pBS21 were assayed for ester hydrolase activity. The activity was not detected in E. 
coli JMl 10 (pUC19), while E. coli JMl 10 (pBSl) and E. coli JMl 10 (pBS21) showed 
an activity of 0.25 lUg"' wet cell mass and 393 lUg"' wet cell mass, respectively, with 
tributyrin as the substrate. 
Sequencing and analysis of the ester hydrolase gene 
The nucleotide sequence of the 2.8 kb cloned ester hydrolase in pBS21 was determined 
partially using Ml3 forward and Ml3 reverse sequencing primer, respectively. 
Analysis of the 707 bp sequence derived using forward primer indicated the presence of 
ORF starting from position 538. Putative -35 and -10 ATGCCT and TATAAT 
promoter sequences as well as consensus ribosome binding sequence 
5'-AAAGAAAAA-3' was observed upstream of the ATG initiation codon. No sequence 
resembling a standard signal peptide could be found in the ORF. However, the 650 bp 
sequence derived using reverse primer did not show homology with any hydrolase 
enzymes in the data bank. 
Isolation of the ester hydrolase enzyme 
The recombinant clone Escherichia coli JMl 10 bearing plasmid pBS21 was grown in 
3-litre NZY medium in the presence of 75 ngml"' ampicillin and 50 ngml' 
streptomycin at 37°C. The ester hydrolase production under the control of the native 
promoter was 393 lUg' wet cell mass. When Escherichia coli JMllO bearing plasmid 
pBS21 was grown in presence of 0.4 mM IPTG, there was no further increase in 
enzyme activity to that observed in the absence of added IPTG. After 18 h growth the 
cells were harvested by centrifugation at 7,000 x g at 4°C for 10 min. The isolation of 
the enzyme started with the disruption of the cells by sonication followed by 
centrifugation at 40,000 x g at 4°C for 45 min. 
Purification of ester hydrolase BSL21 
The cell free extract from Escherichia coli JMl 10 (pBS21) was used as the starting 
material for enzyme purification. All purification steps were performed at 5-8°C except 
hydrophobic interaction chromatography that was performed at room temperature. Tris-
HCl buffer, pH 6.8 was used as a standard buffer throughout the purification. 
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Ammonium sulphate precipitation 
The crude enzyme solution (50ml), containing 5,600 units, was brought to 70-90% 
saturation with solid ammonium sulphate under stirring conditions at 4°C. After 
centriftigation at 15,000 x g at 4°C for 30 min, the precipitate was resuspended in 20 ml 
of buffer A (0.25 M ammonium sulphate in 50 mM Tris-HCl, pH 6.8). Insoluble 
material was removed by centrifugation at 15,000 x g at 4°C for 30 min. The partially 
purified enzyme precipitated by ammonium sulphate had specific activity of 48 lUmg" 
protein with the total activity of 4,085 lU. The recovery of the enzyme was 
approximately 73% with the purification fold of 4.2 (Table 17). 
Hydrophobic interaction chromatography 
The reconstituted 70-90% ammonium sulphate precipitated fraction was subjected to 
FPLC using phenyl-Sepharose CL-4B resin. The enzyme adsorbed strongly to the resin. 
After washing the column with buffer A (0.25M ammonium sulphate in 50 mM Tris-
HCl buffer, pH 6.8), enzyme activity was eluted with a linear ammonium sulphate 
gradient from 0.25-0 M in 50 mM Tris-HCl buffer, pH 6.8 (Fig. 23). The enzyme thus 
eluted exhibited a specific activity of 265 lUmg'' protein with the total activity of 2256 
lU. The recovery of approximately 40% with the purification fold of 23 was obtained 
by this procedure (Table 17). 
Ion-exchange chromatography 
The active fraction from phenyl-Sepharose CL-4B column were pooled and applied to 
Mono-Q HR5/5 column. By applying a linear gradient of 0-1.0 M NaCl in 50 mM 
Tris-HCl, pH 6.8, 2 mg (2100 U) of enzyme was eluted from the column (Fig. 24A). 
The fraction with maximum specific activity was desalted and rechromatographed on 
Mono-Q HR5/5 column and eluted with a linear NaCl gradient from 0-1.0 M in 50 mM 
Tris-HCl, pH 6.8 (Fig. 24B). The specific activity of the purified enzyme was 1735 
lUmg' protein with the total activity of 1562 lU. The purification fold of 152 with a 
yield of 28% was obtained. (Table 17). 
Purity of the enzyme was confirmed by the apparent presence of a single band on SDS-
PAGE gels (Fig. 25). On native PAGE, major band along with some minor bands were 
visualized by both activity and protein staining (Fig. 26). 
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Molecular weight determination and N-terminal sequence 
The purified enzyme appeared as a single band on SDS-PAGE at a migration distance 
corresponding to a molecular mass of approximately 45 kDa. N-terminal amino acid 
sequencing of 14 residues of the purified enzyme blotted on PVDF was exactly the 
same as deduced from the partial nucleotide sequence of cloned gene. 
Hydrolysis of carboxyiic esters 
The enantioselectivity of BSL21 towards carboxyiic esters was determined and 
compared with wild type enzyme. The enzyme BSL21 like BBL depicted 
enantiopreference for S-isomer of 2-hydroxy-4-phenylbutane (compound 1), an 
intermediate used in the preparation of ACE-1 inhibitor, yielding the required R-ester 
(compound 3) with 82% purity. 
COOEt 
BSL21 COOEt 
^ ^ V^ 
Table 17: Purification of ester hydrolase BSL21 from recombinant strain 
Sample 
CFE 
70-90% ppt. 
phenyl-Sepharose 
Mono-Q 
Total 
protein 
(mg) 
490 
85 
8.5 
0.9 
Total activity 
(lU) 
5600 
4085 
2256 
1562 
Specific 
activity 
(lUmg' 
protein) 
11.43 
48.05 
265.4 
1735.5 
Purification 
(fold) 
1.0 
4.2 
23.22 
151.8 
Yield 
(%) 
100 
72.9 
40.2 
27.9 
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Figure 25.11% SDS-PAGE of BSL from 
different purification steps 
Lanel: MW markers 
Lane2: fraction from Mono-Q 
Lane3: fraction from HIC 
Lane4: fraction from salt precipitation 
LaneS: CFE 
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Figure 26.11% Native-PAGE showing 
Lanel&4: CFE from E. c(?/i JMllO (pUC19) 
Lane2,5&8: CFE from £. c<?/i JMllO (pBS21) 
Lane3,6&7: Purified enzyme from 
£. co//JM110(pBS21) 
Chapter 6 
DISCUSSION 
Bacillus subtilis is a Gram-positive, aerobic and endospore-forming bacterium 
commonly found in soil, aquatic habitats and associated with plants. It is one of the 
best-studied microorganisms with respect to its genome, proteome and secretome 
(Kunst et al., 1997; Hirose et al, 2000; Tjalsma et al., 2000). Its genome sequence 
published in 1997 by Kunst et al. (1997) represented the first complete genome 
sequenced from a Gram-positive bacterium. The capability of Bacillus subtilis to 
secrete homologous and heterologous proteins at gram per liter amounts into the growth 
medium and its classification as generally regarded as safe (GRAS) organism by the 
US Food and Drug Administration (FDA) have made it an attractive expression host to 
produce proteins of commercial interest (Priest, 1989; Harwood et al., 1990). This 
bacterium can also efficiently utilize complex nutrient sources because it produces 
several extracellular hydrolytic enzymes (Nagarajan, 1993). 
Enzymes, such as esterases and lipases, are capable of enantioselective hydrolysis and 
can be applied as catalysts in the resolution of racemates. Since 1992, the US Food and 
Drugs Administration (FDA) and the European Committee for Proprietary Medicinal 
Products require the characterization of each stereoisomer in a drug to be marketed as a 
racemic mixture. Therefore, the production and isolation of single enantiomers has 
become an important process in the pharmaceutical industry. Assuming the tremendous 
importance of these lipases as stereoselective biocatalysts in biotechnology, industrial 
enzymologists tend to look for new microoganisms that are able to produce novel 
biocatalysts at reasonably high levels (Godfrey and West, 1996). A plausible means for 
high level production of these biocatalysts is cloning the genes encoding these enzymes 
for understanding the gene expression, folding and secretion of these enzymes and 
manipulate them at genetic level for improved performance or novel characteristics. 
The selected organism identified as Bacillus subtilis RRL BBl by 16S rDNA typing 
was isolated at RRL-Jammu. The strain produces an ester hydrolase (BBL), one of the 
ester hydrolytic enzymes considered useful due to its wide substrate specificity and 
high enantioselectivity. The enzyme shows application in the kinetic resolution of 
several substrates of varied chemical structures like racemic l-(phenyl)ethanol, l-(4-
methoxyphenyl), l-(4-chlorophenyl) and l-(4-fluorophenyMethanols and racemic acids 
such as 2-bromopropanoic acid and 2-hydroxy-4-phenyl butyric acid showing moderate 
to high enantioselectivity. In secondary alcohols it demonstrated high preference for 
butyrates whereas in primary alcohols lower selectivity and reversal of the 
enantiopreference was observed. In the case of carboxylates, moderate selectivity with 
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general preference for (S)-isomers was observed as is generally reported for serine 
proteases. The new enzyme, therefore, offers the potential to be a useful ester hydrolase 
with wide substrate acceptability. 
Production of BBL from Bacillus subtilis RRL BBl 
The isolate Bacillus subtilis RRL BBl is an aerobic, rod-shaped mesophile that grows 
within a temperature range of 29^0°C with an optimum at 37°C. Its specific growth 
rate during the exponential growth phase at 37°C was estimated to be 0.5 h''. The value 
is concomitant with the batch data for a thermoalkalophilic lipase-producing Bacillus 
reported to have a maximum specific growth rate of about 0.5 h ' in a Tween 80-
supplemented medium (Emanuilova et al., 1993). However, Becker et al. (1997) 
reported a growth rate of 1.0 h'" for Bacillus sp. IHl-91 grown on olive oil as the sole 
carbon source. 
When Bacillus subtilis RRL BBl was grown on agar plates containing tributyrin and 
Rhodamine B supplemented with olive oil, clear hydrolysis zones were detected using 
tributyrin as a substrate, while as poor activity was found on plates containing olive oil, 
the typical substrates for true lipases (Jaeger et al., 1999). 
The time course of lipase production was followed at 37°C with cell growth. As with 
other Bacillus strains, lipase production is growth associated. The lipase activity was 
observed to start soon after incubation and reached the maximum (62 lUg"' wet cell 
mass) at the end of the exponential phase corresponding to 12 h of cultivation. 
Most microbial lipases are extracellular, and secreted through the external membrane 
into the culture medium (Arpigny and Jaeger, 1999). Lipases prodticed by bacteria of 
the genus Bacillus (Lesuisse et al., 1993; Kim et al., 1998; Lee et al., 1999). 
Pseudomonas (Lee et al., 1993; Lin et al.. 1996). and Candida (Lotti et al.. 1998) are 
well known to be secreted extracellularly, however, there arc reports related to the 
presence of outer membrane bound lipolytic enzyme in bacteria like in P.seudomonas 
aeruginosa. Salmonella typhimurium and Streptomyccs chnsomallus (Jaeger el a!.. 
1999). The novel ester hydrolase produced by RRL BBl is not secreted extracellularly 
and accumulates in cells in an active form, making this ester h\drolasc a unique 
enzyme. 
The production of lipase from Bacillus subtilis RRL BBl was carried out by 
submerged fermentation in shake flasks as well as at bench fermenter scale. LB 
medium was found to be the best medium, among the various growth media tried for 
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the optimum growth of the organism and the enzyme production. The medium 
containing mannitol resulted in low enzyme production. Bacillus subtilis RRL BBl 
produced as much as 60-65 lUg'' wet cell mass of ester hydrolase in LB medium. 
Various nitrogen sources like beef extract, tryptone, yeeist extract and peptone 
increased the enzyme production significantly. However, highest enzyme production of 
108 lUg"' wet cell mass was obtained with LB in combination with 1% (w/v) yeast 
extract with a cell mass of 8.4 gL''. Yeast extract was, therefore, found to be the 
effective nitrogen source for the production of BBL. Similar results in literature have 
been shown with Rhizopus delemar (Espinosa et al., 1990). 
A range of different carbon sources was screened for their capacity to support growth 
of Bacillus subtilis RRL BBl and enzyme production. On the basis of enzyme activity 
assays, it was concluded that good growth, but low enzyme activity, was obtained on 
media supplemented with glucose, starch, glycerol and mannitol as sole carbon sources. 
Suppression of the enzyme production by the presence of monosaccharides like glucose 
and glycerol in the growth medium has been well documented (Rao and Lakshmanan, 
1991). However, high biomass and comparatively increased enzyme activity were 
obtained with sorbitol and sucrose. 
A change in the enzyme profile of BBL was studied under the influence of different 
inducers. It was observed that there was 4 fold increase in enzyme activity when the 
organism was grown in the presence of 1% (w/v) olive oil. Cocconut oil, however, did 
not influence the enzyme production. The lipases from Bacillus sp. H-257 (Imamura 
and Kitaura, 2000), Bacillus thermocatenulatus (Schmidt-Dannert et al, 1994), 
Bacillus licheniformis (Khyami-Horani, 1996), Pseudomonas pseudoalcaligenes F-111 
(Lin et al., 1996), Pseudomonas aeruginosa (Gilbert et al., 1991), Penicillium 
expansum (Stocklein et al., 1993) and Geotrichum candidum (Veeraghavan and Gibbs, 
1989) were reported to be inducible. Olive oil has been proved to be effective inducer 
for the production of lipases by a number of organisms (Suzuki et al, 1988; Ishihara et 
al., 1989). 
Purification of BBL 
Lipases from a large number of bacterial, fungal and a few plant and animal sources 
have been purified to homogeneity. This has enabled their successful sequence 
determination and their three-dimensional structure leading to a better understanding of 
their unique structure-function relationships during various hydrolytic and synthetic 
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reactions. A large number of lipases have been purified to homogeneity from different 
microbial strains using combination of methods of ultrafiltration, precipitation with 
organic acids, salts or solvents, conventional chromatographic techniques as well as 
FPLC (Fukumoto et al., 1963; Ota et al, 1982; Veeraghavan and Gibbs, 1989; Kordel 
et al., 1991; Kok et al, 1995). Precipitation is usually used as a fairly crude separation 
step, often during the early stages of a purification procedure, and is followed by 
chromatographic separation. 
In our attempt to purify the ester hydrolase enzyme from Bacillus subtilis RRL BBl to 
homogeneity, the cell free supernatant was subjected to ammonium sulphate 
precipitation followed by FPLC using phenyl-Sepharose CL-4B and Mono-Q resins. 
The partially purified enzyme precipitated by ammonium sulphate at 70-90% 
saturation with highest specific activity of 7.7 lUmg"' protein was subjected to 
hydrophobic interaction chromatography (HlC) without prior dialysis, because the 
adsorption of enzyme to the hydrophobic resin is facilitated in the presence of salt. 
After hydrophobic interaction chromatography the ester hydrolase could not be eluted 
with buffer. The strong hydrophobic interactions between the enzyme and the resin 
could only be broken by addition of detergents such as cholate to the eluting buffer. 
The pooled concentrated fractions from phenyl-Sepharose column was purified to 
-95% homogeneity by anion exchange chromatography using Mono-Q as the resin. 
The specific activity of the purified enzyme was estimated to be 450 lUmg"' protein. 
The enzyme was purified 213 fold with a yield of 26%. Purity of the enzyme was 
confirmed by the presence of a single band on SDS-PAGE gels. In addition, zymogram 
of lipase activity on the gels revealed a single ester hydrolase band that corresponded to 
the position of the protein band. 
Characterization of BBL 
Large number of purified lipases have been characterized for molecular size, subunit 
structure, isoelectric point, metal binding capabilities, glycoside and phosphorus 
contents, substrate specificities, amino acid or nucleic acid sequences (Gilbert. 1993; 
Simons et al, 1997; Simons et al., 1998a; Arpigny and Jaeger, 1999). The majority of 
lipases are extracellular, acidic glycoproteins of molecular weights between 20 and 60 
kDa, although some form aggregates in solution (accounting for the high molecular 
weights reported for some partially purified enzymes). 
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While as the molecular weight of most Bacillus lipases ranges from 16 to 69 kDa 
(Moeller et al., 1991; Schmidt-Dannert et al., 1997; Dharmsthiti and Luchai, 1999; 
Nawani and Kaur, 2000), the purified enzyme from Bacillus subtilis RRL BBl yielded 
a single protein band on SDS-PAGE corresponding to the molecular weight marker of 
45 kDa. Purity of the purified BBL was confirmed by homogenous nature of N-
terminal amino acid sequence. 
Analysis of N-terminal Amino Acid Sequence 
The N-terminal sequence of BBL was determined as Thr-Lys-Leu-Thr-Val-Gln-Thr-
Arg-Asp-Gly-Ala-Leu-Arg-Gly-Thr over the first fifteen amino acid residues. The 
amino acid sequence of the N-terminal region of the en2yme when compared with the 
sequences of known lipase and carboxylesterase deposited in the Swiss prot database 
using BLAST program showed approximately 50% homology with N-terminal amino 
acid sequence of Bacillus licheniformis carboxylesterase. 
Properties of ester hydrolase BBL 
The enzyme from Bacillus subtilis RRL BBl hydrolyzed water-soluble p-nitrophenyl 
fatty acyl esters of fatty acids from C2 to C16 demonstrating preference for short and 
medium chain fatty acid esters of p-nitrophenol. Compared to the activity on p-
nitrophenyl butyrate, the activity on p-nitrophenyl acetate, caproate, caprylate and 
laurate was 92, 63, 47 and 35%, respectively, while as with p-nitrophenyl palmitate the 
enzyme didn't show activity. Among the triglycerides the enzyme exhibited high 
activity with tributyrin (C4), while those with fatty acyl chains of Cg to Cig 1 were not 
hydrolyzed. This indicated the enzyme's preference for short chain fatty acyl 
triglycerides. 
Some lipolytic enzymes reported from Bacillus species preferably hydrolyze, water-
soluble, monomeric substrates with short-chain fatty acids, such as tributyrin or Tween 
(Kambourova et al., 2003). Likely lipase from Pseudomonas aeruginosa MB 5001 
(Chartain et al., 1993) hydrolyzed short-chain fatty acids more readily than those 
containing long-chain fatty acids. A similar chain-length preference has been found for 
staphylococcal lipases that also exhibit the highest lipolytic activities with 
tributyrylglycerol and show no interfacial activation (Talon et al., 1995; Oh et al, 
1999). Esterases from Brevibacterium linens (Rattray and Fox, 1997; Sorhaug and 
Ordal, 1974), Lactobacillus fermentum (Gobbetti et al, 1997a), Lactobacillus 
planianm (Gobbetti et al, 1997b) and Propionibacterium spp. (Dupuis and Boyaval, 
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1993; Oterholm et al, 1970) also showed a preference for short-chain fatty acid esters. 
Esterase from Lactobacillus fermentum only hydrolyzed tributyrin among some 
triglycerides (Gobbetti etal., 1997a). 
According to the current definition (Verger, 1997), lipases are carboxylesterases that 
catalyze the hydrolysis of long chain acylglycerides. The term long usually describes 
fatty acid chains consisting of 10 or more carbon atoms. In contrast, esterases 
preferentially hydrolyze short-chain acylglycerols. The catalytic profile recorded for 
BBL clearly point to esterase-like substrate specificities for this enzyme. Moreover, the 
lack of activity of BBL towards long-chain triglyceride substrates explains the lipase-
negative phenotype oi Bacillus subdlis RRL BBl. In fact, BBL can be distinguished 
from the so-called true lipases in that it does not hydrolyze at all the typical lipase 
substrate triolein. Our results, therefore, clearly suggest classification of the BBL 
protein from Bacillus subtilis RRL BBI as an esterase. 
The nature of enzymes indicate that pH will affect the ionization state of the amino 
acids that dictate the primary and secondary structure of the enzyme and hence, 
controls its overall activity. A change in pH will have a progressive effect on the 
structure of the protein and the enzyme activity (Fullbrook, 1996). The lipase from 
Bacillus subtilis RRL BBl showed activity in a very wide pH range (5.0-10.0) 
retaining 100% activity at pH 7.0 after 24 h. Maximal activity (100%) was observed at 
pH 8.0 and activity declined drastically at pH 6 (17%) as reported for most serine 
hydrolases derived from mesophillic organisms. Isolates of Bacillus sp. have been 
found to produce lipolytic enzymes under alkaline conditions (Lindsay et al., 2000). 
Several workers found optimal lipase activity in the highly alkaline pH range (8.5-
10.0) from Bacillus strain A30-1 (ATCC 53841) (Wang et al., 1995) and Bacillus 
stearothermophilus LI (Kim et al., 1998). Lipases from Bacillus subtilis (Lesuisse et 
al., 1993) and Bacillus pumilis (Moller et al., 1991) have been of particular interest, as 
they exhibit optimal activity and stability at extreme alkaline pH values >9.5. Another 
lipase produced by a recombinant Bacillus licheniformis showed maximum activity at 
pH 10-11.5 and was remarkably stable at alkaline pH values up to 12.0 (Nthangeni et 
al., 2001). The enzyme from Bacillus sp. RSJ-1 showed good stability in an alkaline pH 
range (pH 8.0 and 9.0) (Sharma et al, 2002). A purified lipase from Pseudomonas 
pseudoalcaligenes F-111 (Lin et al., 1996) was found to be stable in a pH range 
between 6.0 and 10.0. Sharon et al, 1998 also reported a lipase produced by 
Pseudomonas aeruginosa KKA-5, which was stable in a pH range from 7—10 for 24 h 
at 30° C. 
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The purified enzyme (BBL) shows the temperature optimum of 37°C exhibiting 80% 
activity at 40°C while as at 50°C no significant activity could be observed. The enzyme 
was found to be fairly stable up to 40°C. Complete loss of activity was observed upon 
30 min incubation at 50°C. The lipases from Bacillus subtilis (Lesuisse et al., 1993), 
Bacillus licheniformis (Nthangeni et al., 2001) and Bacillus pumilus (Moller et al, 
1991) are also not thermostable; their activities decreased significantly at temperatures 
above 45°C. 
The values of Km and Vmax of the purified lipase from Bacillus subtilis RRL BBl, 
using p-nitrophenyl butyrate and p-nitrophenyl caproate as calculated from the 
Lineweaver-Burk plot, were 0.045 mM, 166.66 lUml'' and 0.077 mM, 111.11 lUml"', 
respectively, while as that for triacetin and tributyrin were 0.196 mM, 37 lUml" and 
2.22 mM, 23.8 lUml"', respectively. The Km values of the enzyme range widely, but 
for most industrially used enzymes, they lie in the range of 10'' to 10"^  M when acting 
on biotechnologically important substrates (Fullbrook, 1996). Pabai et al. (1995a) 
reported Michaelis-Menten parameters Km and Vmax of a purified lipase of 
Pseudomonas fragi CRDA 323 to be 0.7 mgml'' and 0.97x10'^  Umin'", respectively. 
For a Pseudomonas cepacia lipase, Pencreac'h and Baratti (1996) reported Km and 
Vmax values of 12 mM and 30 molmin'', respectively, when the substrate was p-
nitrophenyl palmitate. 
The BBL enzyme showed a strong tendency to form large aggregates as revealed by the 
native PAGE. Strong aggregation and an almost irreversible adsorption of this lipase to 
hydrophobic surfaces (e.g., matrices that have hydrophobic cross linkers like 
Sepharose) attest to the extreme hydrophobicity of the BBL enzyme. Lipases of 
Pseudomonas strains (Dunhaupt et al., 1991; Jaeger et al., 1992) and the lipase of 
Bacillus strains (Lesuisse et al., 1993; Schmidt-Dannert et al., 1994) have also been 
reported to be hydrophobic, with a tendency to aggregate. 
The inhibitory effect of selected known inhibitors on the activity of purified enzyme 
was investigated. Of the six detergents tested, only the ionic detergent SDS and 
cctrimidc showed significant inhibition. The inhibitory effect of 0.1% (w/v) sodium 
dco.\\cholatc (30%) distinguishes our enzyme from other lipases that is stimulated by 
bile salts. The negatively charged detergents might repel the lipase from the interface or 
they might bind to the enzyme or even encapsulate it so that the substrate-binding site 
is blocked. There was no effect of EDTA (I mM) on enzyme activity of Bacillus 
subtilis RRL BBI. suggesting the absence of a requirement for a bivalent ion as 
137 
cofactor. Lin et al. (1996) also showed that activity of lipase produced from 
Pseudomonas pseudoalcaligenes F-111 was not affected by EDTA (I mM). The 
Pseudomonas aeruginosa EF2 lipase has also been reported to lack inhibition by EDTA 
(Gilbert et al., 1991). Complete inhibition of the enzyme by PMSF, a serine protease 
inhibitor, probably was caused by modification of an essential serine residue indicating 
that the enzyme is a member of serine hydrolases and serine residue may be easily 
accessible to the substrate which is in contrast to other bacterial lipases (Kordel et al., 
1991; Sugiura et al, 1974). Furthermore enzyme activity was not enhanced in the 
presence of CaCb (100 mM) and NaCl (250 mM) as is reported with other microbial 
lipases where it probably has a role to react with free fatty acids adhering to the 
substrate to decrease the interfacial charge effects and perhaps by increasing reactive 
surface area of the substrate. 
It is notable that lipases from three strains Bacillus subtilis. Bacillus licheniformis and 
Bacillus pumilus lack cysteine amino acid residues, suggesting the absence of 
stabilizing disulphide bridges. The retention of full lipase activity in the presence of 
disulphide bond reducing agents DTT and P-mercaptoethanol confirmed this absence of 
disulphide bonds in the Bacillus subtilis RRL BBl lipase as well. This suggests that 
these proteins assume a flexible tertiary structure that may facilitate conformational 
changes. This may be required for enzymatic activity when a water-soluble enzyme 
reacts with a hydrophobic lipid, as suggested by Verger (1980). 
The effect of metal ions on lipase activity is complex to interpret because it probably 
results both from a change in the solubility and the behavior of the ionized fatty acids at 
the interface and from a change in the catalytic properties of the enzyme itself. Bacillus 
subtilis RRL BBl lipase was unaffected by most of the metal ions Na*, Ba^ ,^ Ca^ "", 
Mn ,^ and Mg^ * at a concentration of ImM since the residual activity was higher than 
90%. However, incubation of the enzyme with ImM each of Ag^ "^ , Cu^ "^ , Zn^ "^ , Fe^ ^ and 
Fe^ "^  resulted in a 65-70% reduction in enzyme activity. The effect of Ag, Cu, Zn and 
Fe could involve the catalytic site directly, since incubation of the protein with these 
cations resulted in a severe loss of activity. A similar inhibitory effect of Zn has been 
observed by several authors (Liu et al, 1973; Nishio et al, 1987; Sztajer et al, 1992). 
Few lipases have been isolated from Bacillus species that were tolerant to organic 
solvents (Sugihara et al, 1991; Schmidt-Dannert et al, 1994; Nawani et al, 1998). It is 
well known that effect of organic solvents on lipase activity differs from lipase to 
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lipase. Although the enzyme from Bacillus subtilis RRL BBl retained 70-80% activity 
in presence of 20% (v/v) of various organic solvents, almost complete inhibition was 
observed in the presence of 60% (v/v) ethanol and propanol, respectively. 
Cloning of BBL gene 
Molecular cloning of the large number of lipases from different microbial strains have 
been reported and the primary structures of these lipases identified (Gilbert, 1993; GOtz 
el al., 1998). Some of them have been over expressed. Cloning and sequence analysis 
of the lipase gene is important to allow the understanding of relationship between the 
function and structure of lipase and mass production of enzyme. 
The strategy adopted for identification of the gene encoding BBL was by construction 
of the gene bank of the organism in suitable cloning vector and screening the 
recombinants produced for the direct expression. Using this strategy large number of 
lipase genes has been cloned from different microbial strains. Lipase genes of 
Pseudomonas fluorescem SIK Wl and Pseudomonas fragi were cloned into 
Escherichia coli JM83 by inserting Sau3A I generated DNA fragments into BamH 1 
site of pUC derived vectors (Aoyama el al., 1989; Chung el al., 1991). The gene for the 
BTL2 lipase has been cloned by generation of an expression library in pUC18 by 
partial Sau3A I digestion of genomic DNA of Bacillus ihermocalenulalus and 
expressed in Escherichia coli under the control of the native promoter (Schmidt-
Dannert el al., 1996). A gene from Bacillus megaterium 370 coding for an extracellular 
lipase was cloned in Escherichia coli 5K using plasmid pBR322 (Ruiz el al., 2002). 
Lipase genes oi Bacillus pumilus B26 was cloned into Escherichia coli XLl-Blue by 
ligating EcoR 1 digested DNA fragments into pUC19 vector (Kim el al, 2002). In the 
present study, chromosomal DNA of Bacillus sublilis RRL BBl was partially digested 
with Hind III and ligated to the linearised and dephosphorylated pUC19/Hind 111. The 
ligated mixture was used to transform E.scherichia coli JMllO by electroporation. 
Approximately 3.000 ampicillin resistant transformants were obtained. 
To isolate a specific gene from the gene donor by shotgun cloning, a screening method 
for the recombinant colony is very important. An agar plate containing tributyrin as a 
substrate is frequently used for screening of lipases. Although this triglyceride is a 
classical lipase substrate, it is partially soluble in water and is therefore also hydrolyzed 
by esterases (Brockerhoff 1969). Colonies with extracellular esterase or lipase activity 
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formed clear halos on these plates. Screening of 3,000 clones resulted in the 
identification of two positive clones that formed clearing zone on tributyrin agar plates. 
The lipase production in wild-type strain Bacillus subtilis RRL BBl and recombinants 
BSl and BS2 caused the formation of a large halo, which appeared after overnight 
incubation, whereas the lipase-negative JMllO did not form any halo even after 48 h 
incubation. 
Classical restriction analysis of plasmid DNA isolated from both the transformants with 
Hind III showed insert size of DNA was 1 kb in pBSl and 4.5 kb in pBS2. Digestion of 
pBS2 further with EcoRI resulted in 1.7 kb deletion of the insert DNA. The newly 
formed plasmid designated as pBS21 had an insert size of 2.8 kb. The nucleotide 
sequence of the 2.8 kb cloned ester hydrolase in pBS21 was determined partially. The 
presumed -35 and -10 sequences ATGCCT and TATAAT, respectively, resemble the 
consensus sequences for the promoter region recognized by o"*^  RNA polymerase of 
Bacillus subtilis (Moran et al., 1982). 
CFE derived from the disrupted cells showed 0.25 lUg'' wet cell mass enzyme activity 
in Escherichia coli JMllO (pBSl) and 393 lUg"' wet cell mass enzyme activity in 
Escherichia coli JMl 10 (pBS21) with tributyrin as substrate, but expression was 260 
times less in BSl and 5-6 times more in BS21 in comparison to the wild type strain of 
Bacillus subtilis RRL BBl. Furthermore, the expression of the clone was confirmed by 
visualizing the enzyme activity on the zymogram. Native-PAGE analysis of crude cell 
extracts from Escherichia coli JMl 10 bearing plasmid pBS21 showed the presence of 
additional band which was not detected in control extracts from Escherichia coli 
JM110(pUC 19). 
No apparent difference in the level of gene expression could be observed when 
Escherichia coli JMllO bearing plasmid pBS21 was grown either in presence or 
absence of IPTG (0.4 mM). This fact and the presence of promoter sequence upstream 
of the gene suggest that the native promoter and not the lac promoter control the 
expression of the ester hydrolase gene in the heterologous host. Schmidt-Dannert et al. 
(1996) cloned, sequenced and expressed the lipase gene for BTL2 from Bacillus 
(hermocatenulatus in Escherichia coli. The region upstream of the lipase gene contains 
a Bacillus promoter that directs the expression of lipase gene in E.scherichia coli. 
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Purification of recombinant ester hydrolase BSL21 
A three-step purification protocol was used to purify enzyme BSL21 from the cell free 
extract of Escherichia coli JMllO (pBS21). The cell free extract was subjected to 
ammonium sulphate precipitation followed by FPLC using phenyl-Sepharose CL-4B 
and Mono-Q resins. 
The partially purified enzyme precipitated by ammonium sulphate at 70-90% saturation 
with highest specific activity of 48 lUmg" protein was subjected to hydrophobic 
interaction chromatography (HIC). The pooled concentrated fractions from phenyl-
Sepharose column with maximum specific activity of 265 lUmg"' protein was further 
purified to ~95% purity by anion exchange chromatography using Mono-Q as the resin. 
The specific activity of the purified enzyme was estimated to be 1735 lUmg"' protein. 
The enzyme was purified 152 fold with a yield of 28%. Purity of the enzyme was 
confirmed by the presence of a single band on SDS-PAGE gel. 
N-terminal sequence analysis showed the similarity of the purified protein with the 
mature enzyme BBL and with amino acid sequence deduced from the nucleotide 
sequence of the cloned gene. 
The specific activity of the enzyme BSL21 is approximately 5-6 times higher than that 
of wild type enzyme BBL. However, the enzyme BSL2I like BBL depicted similar 
enantiopreference for S-isomer of 2-hydroxy-4-phenylbutane, yielding the required R-
ester with 82% purity. 
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Chapter 7 
ABSTRACT 
The demand for industrial enzymes, particularly of microbial origin, is ever increasing 
owing to their applications in a wide variety of processes. Enzyme-mediated reactions 
are attractive alternatives to tedious and expensive chemical methods. Enzymes find 
great use in a large number of fields such as food, dairy, pharmaceutical, detergent, 
textile and cosmetic industries. However, with the realization of the biocatalytic 
potential of microbial lipases in both aqueous and non-aqueous media for the last one 
and a half decades, industrial fronts have shifted towards utilizing this enzyme for a 
variety of reactions of immense importance. 
Lipases (EC 3.1.1.3) are ubiquitous enzymes belonging to the esterase class of 
hydrolases. Lipases from microorganisms have especially drawn much attention for 
their potential use in biotechnology, mainly due to their availability and stability. One 
feature of lipases important for organic synthesis is their recognition of enantiomeric 
molecules or enantiotopic groups on prostereogenic molecules with high 
enantioselectivity. Lipase-catalyzed kinetic resolution and asymmetrization processes 
are well documented in the literature. 
Development of lipase-based technologies for the synthesis of novel compounds is 
rapidly expanding the uses of these enzymes. There is a steadily increasing demand to 
identify, characterize and produce lipases for a variety of biotechnological applications 
with special emphasis on enantioselective biotransformations. Research on lipases is 
focused particularly on structural characterization, elucidation of mechanism of action, 
kinetics, sequencing and cloning of lipase genes, and general characterization of 
performance. Knowledge of their three-dimensional structures and the factors that 
determine their regiospecificity and enantiospecificity are traditionally essential to 
tailor lipases for specific applications. Therefore, access to a wider range of lipase types 
would be beneficial 
Modern genetic engineering techniques facilitate the economic production of pure 
enzymes and the preparation of tailor-made enzymes for specific applications. The 
genes of many bacterial lipolytic enzymes have been identified, cloned, expressed and 
the corresponding enzymes have been characterized. The cloning & hvper-exprcssion 
of such enzymes would reduce the cost of enzyme production and make the process of 
enantiospecific resolution of racemic drugs/drug intermediates techno-economic and 
eco-friendly. Molecular cloning brings with it benefits such as a significantly reduced 
cost of enzyme production and possible simplifications of processing as a result of 
using purer enzyme preparations. Typically, the cloning process leads to over-
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expression of the enzyme to levels, which may be hundreds of times that found in the 
wild-type strain, where the host cell can divert its protein synthesis such that the 
required enzyme constitutes up to 40% of the total cell protein. 
In the last ten years, the sequences and structures of many lipases have of mammalian 
and microbial origin have been elucidated and deposited in databases, such as EMBL, 
Swiss prot and Protein Data Bank. In addition, the physiochemical properties and 
substrate specificities of many lipases have been published. 
In this study a strain of Bacillus subtilis RRL BBl with a capacity to produce ester 
hydrolase enzyme (BBL) has been selected. The strain has been investigated for the 
production, purification, characterization and amino acid sequencing as well as cloning 
the gene encoding the ester hydrolase enzyme. 
The strain was identified as Bacillus subtilis by I6S rDNA sequence analysis. Whole 
cells of Bacillus subtilis RRL BBl and enzyme derived from it designated as BBL 
shows application in the kinetic resolution of several drug auxiliaries of varied 
chemical structures like racemic l-(phenyl) ethanol, l-(4-methoxyphenyl) ethanol, 1-
(4-chlorophenyl) ethanol and l-(4-fluorophenyl) ethanol and racemic acids such as 2-
bromopropanoic acid and 2-hydroxy-4-phenyl butyric acid with moderate to high 
enantioselectivity. The enzyme demonstrated high preference for butyrates of 
secondary alcohols whereas in primary alcohols lower selectivity for butyrates and 
reversal of the enantiopreference was observed. In case of carboxylates moderate 
selectivity with general preference for 5-isomers was observed as is generally reported 
for serine proteases. The new enzyme thus offers tremendous potential of being a novel 
biocatalyst with wide substrate acceptability in biotechnology. 
The isolate Bacillus subtilis RRL BBl was an aerobic, rod-shaped mesophile that could 
grow within a temperature range of 29-40°C. Its specific growth rate during the 
exponential growth phase at 37°C was estimated to be 0.50 h"'. Bacillus subtilis RRL 
BBl grown on agar plates containing tributyrin as substrate showed clear hydrolysis 
zones while as agar plates containing Rhodaminc B supplemented with olive oil as 
subslrate showed poor activity. 
The time course of lipase production was followed at 37°C with cell growth. The lipase 
activity was observed to start soon after incubation and reached the maximum 
(65 lUg" ) at the end of the exponential phase corresponding to 12 h of cultivation. The 
novel ester hydrolase produced by RRL BBl is not secreted extracellularly and 
accumulates in cells in an active form, making this ester hydrolase a unique enzyme. 
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Media optimization experiments at shake flask level showed that ester hydrolase 
production by Bacillus subtilis RRL BBl was significantly higher in LB than in other 
production media. Maximum ester hydrolase production of 58-65 lUg"' wet cell mass 
was observed in LB in the late exponential growth phase which subsequently decreased 
to 50 lUg'' in the stationary phase. 
Effect of temperature on the growth of organism and ester hydrolase production was 
studied. The organism could grow and produce the enzyme at temperatures ranging 
from 29-40°C with maximum enzyme production occurring at 37°C. 
Effect of different carbon and nitrogen (organic and inorganic) sources on the growth 
and enzyme production of Bacillus subtilis RRL BBl was studied. BBL was maximally 
produced when the Bacillus subtilis RRL BBl was grown in LB medium containing 
1% (w/v) yeast extract. Enzyme production from Bacillus subtilis RRL BBl increased 
more than 4-fold by addition of 1% (v/v) of olive oil. 
The ester hydrolase from Bacillus subtilis RRL BBl was purified 213-fold employing a 
four-step procedure (ammonium sulphate precipitation, hydrophobic interaction 
chromatography and ion-exchange chromatography) to a measured final specific 
activity of 450 lUmg'' protein with a yield of 26%. The key purification step was the 
hydrophobic interaction chromatography on phenyl-Sepharose CL-6B that resulted in 
the increase in specific activity of about 35-fold. The purified enzyme seems to be a 
monomer with molecular mass of about -45 kDa as revealed by SDS-PAGE. 
The enzyme was characterized with respect to substrate specificity and kinetic 
properties. The purified enzyme was optimally active at pH 8.0 and 37°C. The enzyme 
was remarkably stable at pH 7.0-9.0 retaining 100% of the maximum activity at pH 7.0 
and more than 92% of the maximum activity at pH 8.0 and 9.0, respectively, after 24 h. 
The enzyme was, however, completely inactivated at acidic pH 4.0. The enzyme was 
found to be fairly stable up to 40°C. The stability of the enzyme decreased sharply 
above 40°C and complete loss of activity was observed upon 30-min incubation at 
50°C. 
Effect of different solvents, inhibitors and detergents on BBL was studied. About 
70-80% residual activity was observed when BBL was incubated in the presence of 
20% (v/v) of various organic solvents (methanol, ethanol, propanol and acetone) at 
30°C for 30 min. However, significant loss of activity was observed in presence of 
acetone (60% v/v) and methanol (60% v/v) with residual activity of 44^6%, while as 
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almost complete inactivation was observed in presence of ethanol (60% v/v) and 
propanol (60% v/v). The ester hydrolase activity was strongly inhibited when the 
enzyme was incubated with the serine reactive reagent PMSF (2mM). The enzyme was 
fairly insensitive to non-ionic detergents but was inhibited by SDS and cetrimide at a 
concentration of 0.1%. The divalent metal chelating agent EDTA (ImM) did not inhibit 
ester hydrolase activity significantly, indicating that BBL is not a metalloprotein. 
Bacillus subtilis RRL BBl lipase retained full lipase activity in the presence of 
disulphide bond reducing agents DTT and P-mercaptoethanol, but the activity 
decreased by 60% in presence of ascorbic acid (ImM). Oxidizing agents ammonium 
persulphate (ImM) and potassium iodide (ImM) had negligible effect on enzyme 
activity. 
The influence of both mono- and divalent metal ions at a concentration of ImM was 
studied. Mg^ "^ , Na"^ , Ca^\ Ba^ "^  and Mn^ ^ had a negligible effect on the activity of the 
enzyme, however, significant loss of enzyme activity (>70%) was observed with Ag'^ '^ , 
Fe^^ Fe^^ Zn^ ^ and Cu^^ 
Among the various triglycerides substrates (C2-Cig acyl groups) examined, BBL 
showed preference for short chain triglycerides. The activity of BBL on triacetin was 
66% of that on tributyrin. Triglycerides of Cg to Cig were not hydrolyzed. Among the p-
nitrophenyl esters (C2-C16 acyl groups), BBL showed highest activity towards p-
nitrophenyl butyrate (C4 acyl group) and p-nitrophenyl acetate (C2 acyl group) with 
relative activities of 100 and 92%, respectively. With p-nitrophenyl palmitate (Ci6 acyl 
group), however, the enzyme failed to show any activity. 
The values of Km and Vmax of the purified ester hydrolase from Bacillus subtilis RRL 
BBl, using p-nitrophenyl butyrate and p-nitrophenyl caproate as calculated from the 
Lineweaver-Burk plot, was 0.045 mM, 166.66 lUml"' and 0.077 mM, 111.11 lUml"'. 
respectively, while as that for triacetin and tributyrin was 0.196 mM, 37 lUml"' and 
2.22 mM, 23.8 lUml"', respectively. 
Attempts for cloning the gene encoding BBL from Bacillus subtilis RRL BBI was 
attempted by constructing the genomic library of the organism in Escherichia coh JM 
110 using pUC19 as the cloning vector. In the present study, chromosomal DNA of 
Bacillus subtilis RRL BBl was partially digested with Hind 111 and ligated to tiic 
linearised and dephosphorylated pUC19/Hind 111. The ligated mixture was used to 
transform Escherichia coli JMl 10 by electroporation. Approximately 3,000 ampicillin 
resistant transformants were obtained. 
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Screening of 3,000 clones resulted in the identification of two positive clones 
designated as BSl and BS2, which formed clearing zone on tributyrin agar plates. 
Lipase production in the wild-type strain Bacillus subtilis RRL BBl and recombinants 
BSl and BS2 resulted in the formation of a halo, which appeared after overnight 
incubation, whereas the lipase-negative JMl 10 did not form any halo even after 48 h 
incubation. 
The insert size of DNA as determined by restriction digestion of the respective 
plasmids pBSl and pBS2 isolated from both the transformants was 1 kb and 4.5 kb, 
respectively. Further restriction digestion of pBS2 with EcoR I resulted in a 1.7 kb 
deletion of the insert generating a new plasmid pBS21. CFE derived from the disrupted 
cells assayed using tributyrin as substrate showed 0.25 lUg"' wet cell mass enzyme 
activity in Escherichia coli JMl 10 (pBSl) and 393 lUg'' wet cell mass enzyme activity 
in Escherichia coli JMl 10 (pBS21) but expression was 260 times less in BSl and 5-6 
times more in BS21 in comparison to the wild type strain of Bacillus subtilis RRL BBl. 
No apparent difference in the level of gene expression could be observed when 
Escherichia coli JMl 10 bearing plasmid pBS21 was grown either in presence or 
absence of IPTG (0.4 mM). This fact and the presence of promoter sequence upstream 
of the gene suggest that the native promoter and not the lac promoter control the 
expression of the ester hydrolase gene in the heterologous host. 
A three-step purification protocol was used to purify enzyme BSL21 from the cell free 
extract of Escherichia coli JMl 10 (pBS21). The cell free extract was subjected to 
ammonium sulphate precipitation followed by FPLC using phenyl-Sepharose CL-4B 
and Mono-Q resins. 
The specific activity of the purified enzyme was estimated to be 1735 lUmg"' protein. 
The enzyme was purified 152 fold with a yield of 28%. Purity of the enzyme was 
confirmed by the presence of a single band on SDS-PAGE gel. N-terminal sequence 
analysis showed the similarity of the purified protein with the mature enzyme BBL and 
with amino acid sequence deduced from the nucleotide sequence of the cloned gene. 
The specific activity of the enz\mc BSL21 is appro.\imately 5-6 times higher than that 
of wild type enzjme BBL. However, the enzyme liSL2l like BBL depicted similar 
enantiopreference for S-isomer of 2-hydroxy-4-phcnylbutane, an intermediate used in 
the synthesis of ACE inhibitors. 
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It can, therefore, be concluded that Bacillus subtilis RRL BBl produces two different 
ester hydrolases, the small molecular weight enzyme being produced extracellularly in 
undetectable quantities. 
The use of ester hydrolases for a variety of biotechnological applications is fapidly and 
steadily increasing. Many novel ester hydrolases genes are still to be identified and 
enzymes with new and exciting properties will be discovered. In parallel, the 
combination of optimized ester hydrolases with improved reaction conditions will lead 
to novel synthetic routes, allowing the production of high-value chemicals and 
pharmaceuticals. The new era of biocatalysis that has just started will undoubtedly see 
ester hydrolases as the biocatalysts of the future. 
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FUTURE PLAN 
1) Since the size of insert DNA is -2.8 icb, sequencing of the complete fragment can 
be achieved either by subcloning or primer walking strategy. Although we have 
tried the subcloning strategy by using selected restriction enzymes no positive 
results could be obtained due to the absence of the respective sites in the insert. As 
the fragment was sequenced from both the ends and about 700 bp from each end 
was obtained, therefore primers were designed on the basis of the partial sequence. 
These primers shall be used for amplification and sequencing of the full-length 
gene. 
2) Hyperexpression of the gene shall be studied using expression vectors like pET-22. 
The enzyme shall be purified, crystallized and its three-dimensional structure 
evaluated by X-ray crystallography thus enabling the identification of domains and 
amino acid residues involved in substrate binding, catalysis and enantio-
preference. 
3) Genetic engineering, traditional random mutation and protein engineering 
approaches shall be used to improve the stability and activity of the enzyme and 
also for creating a novel enzyme that is resistant to organic solvents and has 
improved enantio-selectivity. 
4) Scale up of the process for the industrial production of the recombinant enzyme. 
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Purification and characterization of a novel enantioselective 
hydrolase from Bacillus subtllis 
Qurrat A. Maqbool, Sarojini Johri, Lata Verma, S. Riyaz-ul-Hassan, Vijeshwar Verma', 
Surrinder Koul, Subhash C. Taneja, Rajinder Parshad and Ghulam N. Qazi 
Biotedinology Division, Regional Research Laboratory, Canal Road,jammu Tawi-180001, India 
Screening of the micro-organisms from an in-house 
microbial culture repository, identified a bacterial 
strain bearing membrane-bound, inducible ester hy-
drolase activity. Tlie strain designated as RRL-BBI has 
been identified as Bacillus subtilis by 16 S rRNA typing. 
Its application in the kinetic resolution of several 
racemates, including drug intermediates, showed mod-
erate to high enantioselectivity. The enzyme, desig-
nated as BBL, exhibited high enantioselectivity (ee 
X 99%) with acyl derivatives of unsubstituted and 
substituted I-(phenyl)ethanols and I-(6-methoxy-2-
naphthyl)ethanols. With acyl derivatives of 2-(6-
methoxy-2-naphthyl)propan-l-ol, moderate enantio-
selectivity was observed. The enzyme also showed 
moderate enantioselectivity with alky I esters of car-
boxylic acids i.e. 2-bromopropanoic acid and 2-hydroxy-
4-phenylbutanoic acid. The enzyme was purified to 
> 90% purity from cell-free extract of RRL-BB I with 
26 % overall yield. The purified enzyme exhibited hydro-
lase activity without any noticeable decrease in the rate 
of hydrolysis or the enantioselectivity profile. A specific 
activity of 450 units/mg protein resulted after at least a 
200-fold purification of the crude cell-free extract. The 
key purification step was the irreversible adsorption 
of the salt-precipitated crude enzyme on hydrophobic 
resin, in the presence of a low salt concentration, and 
desorption of the enzyme with a linear gradient of I % 
sodium cholate. The purified enzyme was a 45 kD 
monomer as shown by SDS/PAGE. The N-terminal 
ammo acid sequence of the purified enzyme was deter-
mined as Thr-Lys-Leu-Thr-Val-Gln-Thr-Arg-Asp-Gly-
Ala-Leu-Arg-Gly-Thr. The N-terminal sequence did not 
bear any homology with other known bacterial lipases. 
BBL IS maximally active at 37 °C, pH 8.0 and fairly 
stable up to 40 "C, pH 6-10. The enzyme is insensitive 
to EOTA but inhibited by serine protease inhibitor 
PMSF. Its activity (72%) was retained in the presence 
of the anionic detergent SDS at a concentration of 
«.7THw?v). 
Introduction 
Lipases have become very important stereoselective biocata-
lysts used in organic chemistry They catalyse both the 
hydrolysis and synthesis of long<hain acyl glycerols with high 
regioselectivity and enantioselectivity [ 1,2] The two types of 
enantioselective organic transformations catalysed by lipases 
are reactions of prochiral substrates and the kinetic res-
olution of racemates Originally racemic acylates or car-
boxylic acid esters served as the mam classes of substrates 
However during the last IS years, the scope has been 
extended to include esters of ketoacids, halohydrins, diols, 
hydroxy esters, amines, diamines, ammo alcohols and 
cyanohydrins [3-8] 
The potential use of microbial lipases in biotechnology 
has stimulated work on the screening of the micro-organisms 
for the presence of novel enzymes, their isolation, purifica-
tion, charaaerization and cloning Recently, during the 
screening programme of micro-organisms available in the 
culture repository of this institute for ester hydrolases, 
an enantioselective ester hydrolase (ABL) from a strain 
of Arthrobacter species and ester hydrolase from a strain of 
Tnchosporon species capable of resolving several racemates 
of drug intermediates and drug molecules like Naproxen, a 
non-steroidal anti-inflammatory drug, have been reported 
[9-12] In continuation of the above screening programme a 
strain of Baallus subvlis (RRL-BB I), showing enantioselective 
hydrolysis of chiral molecules, has been isolated 
A detailed study of the broad substrate-specificity and 
enantioselectivity exhibited by the enzyme designated as 
BBL (crude and the purified form), including enzyme 
induction, purification and characterization is reported in 
this communication 
Key words bactena chiral molecules inducible kinetic resolution phenyl 
Sepharose 
Abbreviations used BBL membrane bound inducible ester hydrolase from 
Bacillus subD/is ee% enantiomenc excess 
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Materials and methods 
Prepacked phenyl-Sepharose CL-6B, Q-Sepharose 4L-6B 
and Sephacryl 200 columns were purchased from Amersham 
Pharmacia Biotech. Tris base, acrylamide, SDS, Bromo-
phenol Blue, protein markers for native and SDS/PAGE, 
dithlothreitol and 2-mercaptoethanol were obtained from 
Sigma Chemical Co. (St. Louis, MO, USA.), Triton X-IOO, 
PMSF, p-nitrophenyl acetate, triacetin, tributyrin, tristearin, 
olive oil, gum arable and Fast Blue RR from Hi media 
Laboratones (Bombay, India) and Pharmacia (Piscataway, NJ, 
U.S.A.). Akta Explorer automatic control chromatographic 
systems and Unicorn 2.1 software were purchased from 
Pharmacia Biotech (Uppsala, Sweden). All other chemicals 
(of analytical grade) were obtained from Glaxo (Qualigens 
Fine Chemicals, Mumbai, India) and E. Merck (Mumbai, 
India). Solvents and reagents were distilled and dried before 
use HPLC grade solvents from E. Merck/Glaxo were used 
for chiral resolution studies. Silica gel (60-120 mesh) from 
Glaxo was used for chromatography. Aluminium sheets of 
silica gel Fj^, (E. Merck, 0.2 mm thickness) were used for 
TLC. Optical rotations were measured on a PerkinElmer-
241 polarimeter. The synthesised substrates were charac-
terised by spectroscopic methods. 
Preparation of cell-free extract 
Baallus subtilis (RRL-BBI) was grown in Luria-Bertani me-
dium consisting of I % tryptone, I % yeast extract and 0.5% 
NaCI, at pH 7.2 and 37 °C. The culture medium was 
inoculated with I % of an overnight preculture prepared in 
the same medium. The culture was grown at 37 °C for 16 h. 
The cells were harvested by centrifugation at 8000 g for 
10 mm at 4 °C The cell pellet was washed with SO mM 
Tris/HCI buffer pH 7.0 and disrupted in the same buffer 
containing I mM dithiothreitol, 2 mM EDTA and 100 mM 
ammonium sulphate by ultrasonication in an MSE 20 kHz 
ultrasonifier at 4 °C for 5 mm The cell-free extract was 
obtained by centrifugation of the cell homogenate at 20000 g 
for 20 mm at 4 °C 
Enzyme assays 
The method described by Lawrence et al. [13] was followed 
for a spot agar-diffusion assay of the enzyme during 
fractionation. Routine lipase activity was monitored by 
titremetric assay using tributyrin as substrate [10]. The 
esterase activity was assayed spectrophotometncally using 
p-nitrophenylacetate as substrate as described by Ihara et al. 
[14]. The method described by Gabriel [ 15] v/as followed for 
locating enzyme activity directly on polyacrylamide gels 
Protein purification 
Protein concentration was determined spectrophotometn-
cally by the method of Bradford [16] BSA was used as the 
protein standard. 
Enzyme was purified by ammonium sulphate precipi-
tation and FPLC according to the protocols of Deutscher 
[17] and the manufacturer's guide 
Native PAGE and SDS/PAGE were performed ac-
cording to the method of Laemmli [ 18] The blots of purified 
protein for the amino acid sequencing were made using 
Immobiolon-P transfer membrane (PVDF) using Bio-Rad 
Transfer blot unit. N-termmal ammo acid sequencing of the 
blotted protein was done by using automatic Edman 
degradation reaction as described by Allen [19] 
Enantloselectivity assay 
Alkyl acyl esters of unsubtituted and substituted I -(phenyl) 
ethanol, 2-(6-methoxy-2-naphthyl)ethanol and 2-(6-meth-
oxy-2-naphthyl)propan-1-ol were prepared from their 
corresponding alcohols and alkanoic acid anhydrides in the 
presence of catalytic amount of a base (4-dimethylamino-
pyridine). Pure substrates were obtained by column chroma-
tography over silca gel using n-hexane: ethyl acetate mixture 
m increasing proportions as the eluant. Alkyl esters of 2-
bromopropanoic acid were prepared by treating the cor-
responding acid chloride with n-alkanols in the presence of a 
base, followed by purification by column chromatography 
Ethyl 3-hydroxy-4-phenylbutanoate was prepared by re-
duction of ethanolic solution of ethyl 4-phenyl-3-oxobu-
tanoate in the presence of H, gas and palladium/charcoal 
(5%) at 345 kPa (50 Ibf/in^) and crude product purified by 
column chromatography over silica gel Progress of the 
enzymatic reaction was monitored by withdrawal of an 
aliquot and its analysis on HPLC using a Whelk (S,S)-chiral 
column (LichroCART250-4,01, S/<m), mobile phase n-
hexane/propan-2-ol/acetic acid (95 5 0 I, by vol) , flow 
rate 08 ml/mm and using a diode array detector Optical 
rotations of the resolved compounds were measured on a 
PerkinElmer-241 polarimeter. 
Enzymic hydrolysis of racemic acylates of primary and 
secondary alcohols 
Racemic acylate of primary/secondary alcohols (I mM) in 
sodium phosphate buffer (0 I M, 5 ml) at specified pH and 
temperature was stirred in the presence of enzyme (whole 
cells and purified) in a specified ratio and the pH was 
maintained by using a pH-stat and 0 5 M NaOH solution The 
samples were analysed on chiral HPLC after the extraction 
of the aliquots {25 fi\) with HPLC grade ethyl acetate 
{\00 fi\), hexane (400;<l) mixture, centrifugation at 6000g 
and filtration of the organic layer through a 0 45 //m-pore-
size filter 
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After the completion of the reaction, the contents 
were extracted with organic solvent, concentrated in yacuo, 
separated on an SiOj column to obtain optically enriched 
alcohol and the ac/late using light petroleum (b.p. SO-
SO °C)/ethyl acetate in increasing proportion. 
Enzymic hydrolysis of racemic alkyl esters of 
carboxylic acid 
Racemic ester of 2-bromopropanoic acid (I mM) in sodium 
phosphate buffer (0.1 M) at specified pH and temperature 
were stirred in the presence of the enzyme preparation in a 
specified ratio and pH maintained by pH stat using 0.5 M 
NaOH solution. After the completion of the reaction, the 
contents were adjusted to pH 8 and extracted with dichloro-
methane, the organic layer was concentrated after washing 
with water and dried over anhydrous sodium sulphate. The 
aqueous portion was acidified with dilute HCI and extracted 
with ethyl acetate, the organic layer was washed with water, 
dried over anhydrous sodium sulphate and desolventised. 
The final products were purified by column chromatography. 
Results 
Enantioselectlvity profile 
HydrolYSis ofacylates Ester hydrolase from RRL-BBI, desig-
nated as BBL, showed its applicability in the kinetic resolution 
jy^ 
OH 
88L 
Oft, 
CHjO' 
Scheme 2 
QH 
~::.o^OX^^. 
Scheme I 
of substrates of various chemical structures like alkyl acylates 
of I-(phenyl) ethanols (Scheme I, compound I). The enzyme 
displayed higher enantioselectivity (R-ester), with respett to 
propionates and butyrates, compared with acetates of I-
(phenyl)ethanol, I -(4-methoxyphenyl), I -(4-chlorophenyl) 
and I-(4-fluorophenyl) ethanols. However with dioxygen 
substitution in the aromatic nucleus [e.g. I -(3,4-methylenedi-
oxyphenyl)ethanol], BBL showed excellent enantioselec-
tivity towards all three alkyl acylates i.e. acetate, propanoate 
and buunoate respectively (Scheme I, Table I). Enantio-
meric excess (ee%) of the resolved alcohol was determined 
by chiral HPLC after its separation and conversion to 
acetate. 
BBL(wet whole cells) on reaction with alkyl acylates of 
I -(6-methoxy-2-naphthyl)ethanol (Scheme 2, compound 4) 
as substrates, showed similar enantiopreference for (/?)-
esters in all substrates with high enantioselectivity for 
butyrates. With purified enzyme, kinetic resolution studies 
of compound 4 (R = COCHjCHjCHj) , displayed the similar 
enantioselectivity (ee s; 99%) without any significant change 
in the rate of hydrolysis (Scheme 2, Table 2). Thus the results 
of purified enzyme were comparable to the results obtained 
with the wet whole cells. 
With primary alcohols the enzyme showed preference 
for S-enantiomer when acylates of racemic 2-methyl-2-(6-
TiWe I BBL-ciul/scd enantioselective hydrolysis of alkyl acylates of racemic I -(phenyl)ethanols 
In tlrs and subscqix?nt Tables. I f * number g^^f" m the Configuration' column heading refers lo the compounds given in Schemes 1-5 
Senal no R R 
9 
10 
II 
12 
13 
H 
15 
Conversion* {%) Configuration of the product 2 
H 
H 
H 
•l-OCH 
•VOCH, 
4-OCH 
•(-CI 
•t-CI 
l-CI 
t-F 
1-F 
l-F 
3.4-Methylenedioxy 
3,4-Methylenedtoxy 
S.-'-Methylenedioxy 
COCH, 
COCH C'-
t O C ^ . C H C -
( ecu, 
COCr l C H , 
COCt- C!- C -
C O C H , 
COCH CM, 
C O C H . C H X H 
C O C " 
COCH CH, 
COCH.CH.CH, 
C O C H , 
COCH.CH 
C O C H . C H X H . 
21 
3b 
19 
33 
31 
30 
23 
28 
26 
21 
23 
22 
23 
27 
33 
• Substrate wet v»hole cells as wizyme (12). substrate con< 40 g/i twiperature 20± I "C. reaction x<mc 24 r phosphate b.."tr (0 I M) pH 7 0 .solaleo yields 7D- 7i % 
ct% calculated from chiraf HPLC and optca ' ro ta to r .a i^-s [9] 
ee% of 2-
42 
99 
99 
34 
85 
99 
99 
99 
99 
15 
99 
99 
99 
99 
99 
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Table 2 BBL-catalysed enantioselective h/drol/sis of alk/l acylat«s of 
racemic l-(6-methoxy-2-naphthyl)ethanol 
Serai no 
Configuration ee%'' 
Converaon' (%) of 5 of 5 
1 
2 
3 
4' 
COCHj 
COCHjCHj 
COCHjCHjCH, 
COCHjCHjCH, 
22 
33 
28 
30 
R 
R 
R 
R 
* Substrate wet whole cells as enzyme (I 2), substrate concn 20g/l, temperature 
25± I °C. reaction time 66 h. phosphate buffer (0 I M). pH 70. isolated yields 75-flOX 
' ee% detemnmed trf companson with known optical notation value [20] 
' Reaction with punfied enzyme. sutstrate (mg) enzyme units (I 012) 
c«,o Z»fi' CHjO 
Table 4 BBL-catalysed enantioselective h/drolysls of alkyl esters of racemic 
2-bromopropano(c acid 
Configuration ee%'' 
Senal no Rj Conversion' (%) of M of 11 
24 
70 
99 
99 
1 
2 
3 
C H , 
CHjCH, 
CHjCHjCHjCH, 
22 
33 
34 
89 
5 
Sutjstrate wet whole cells as enzyme (I 16). concn 66g/l temperature 25+1 "C 
reaction time 4 h. phosphate buffer (0 I M). pH 8 0. isolated yields 55-60* 
' eeX detemined by optical rotation values [22] 
CX^""-^ 
OH 
COOH 
+ 
u 
Scheme S 
Scheme 3 
Table 3 BBL-catal/sed enantioselective h/drolysis of alkyl acylates of 
racemic 2-iTiethyl-2-(6-methox/naphth-2-)H)ethanol 
Senal no R 
Configuration e€%^ 
Conversion'(%) of 8 of 8 
CCXTH, 
COCHjCHjCH, 
22 
30 
19 
67 
29 
23 
• Substrate wet wtwle cells as enzyme (I I 2). concn 35g/l. temperature 25±l °C. 
reaction time 24 h phosphate buffer (0 I (4). pH 70 isolated yield 75-80*. 
• ee% detemiined by chiral HF1.C and optical nMation values PI ] 
X COOR COOR 
I t 
Scheme 4 
meihoxy-napth-2-yl) ethanol (compound 7, Scheme 3) were 
used as substrates. BBL showed low enantiopreference for 
butyrate compared to acetate (Scheme 3, Table 3). The 
authentic sampte of optically pure (R)-(+) of compound 8 
(Scheme 3) was prepared by lithium aluminium hydride 
reduaion of optically pure methyl ester of (R)-(—)-a-
methyl-6-methoxy-2-naphthaleneaceticacid. 
Hydro/ysis ofcarboxylk. tsttn Besides hydroiysing acylates of 
prinury and secondary alcohols, BBL is also capable of 
resolving alkyl esters of carboxylic acids. BBL demonstrated 
moderate selectivity for esters of 2-bomopropanoic acid 
O 2002 Portland Press Ltd 
Enzyme fonnn 
Wet whole cells 
Cell free extract 
Partially punfied 
Punfied 
Conversion' % 
65 
62 
65 
66 
Configuration 
of 15 
R 
R 
R 
R 
66%" 
of 15 
82 
75 
78 
80 
Table S BBL-catalysed enantioselective hydrolysis of racemic ethyl 2-
hydroxy-4-phenylbutanoate 
Senal no 
I 
2 
3 
4 
' SutKtrate (mg) enzyme units (I 0 12). concn 70 g^ l temperature 25 ± I *C reaction time 
28h phosphate buffer (0 I M) pH 75 
'• ee* detemined by optical rotation values [23] 
(compound 10) with respect to methyl ester (ee * 89%), 
while very low seleaivity for propyl and butyl esters (Scheme 
4, Table 4). 
Biocatalytic aaivity of BBL (wet whole cells) was also 
explored for the resolution of ethyl 2-hydroxy-4-phenylbu-
tanoate (compound 13) which is an intermediate used in the 
synthesis of angiotensin<onverting-enzyme inhibitors. The 
hydrolase showed enantiopreference for (S)-isomer afford-
ing the required (R)-ester (compound IS) of 82% optical 
purity. Using purified enzyme, there was no significant 
change in enantioselectivity (ee « 80%) and rate of hy-
drolysis. Similar results were also obuined when cell-free 
extract and partially purified enzyme were used for the 
kinetic resolution studies of compound 13 (Scheme 5, Table 
S). 
Purification of the enzyme 
A wet cell pellet of 5-6 g was obtained per litre of culture 
medium after growth of a batch of the baaeria. The optimum 
cell mass and enzyme production were observed in 16-18 h 
of growth, badllus subtilis (RRL-BBI) showed the maximum 
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^ - InduoMf enzyme 
^ - Uninduecd enzyme 
-*—UlUnduoedcMV 
mass 
-m—Induced ceH mass 
1 2 3 4 6 6 7 I 1 0 1 2 M 2 4 M 
Tlme(h) 
Figure I Growth and enzyme activity of ester hydrolase from induced and uniduced RRL-BBI 
• control(wlthout olive oil) 
OOl lv* oil «t 4 h 
• Olive oil at Oh 
D O I I v e o l l a t S h 
Tifn« (h) 
Figure 2 Effect of I % olive oil on enzyme production from RRL-BBI at different phases of growth 
ester hydrolytic activity of 0.06 unit/mg of wet cell mass. 
Upon disruption of cells, specific activity of the enzyme was 
of the order of 2.1 units/mg of protein with tributyrin, and 
198 units/mg of protein with f>-nitrophenylacetate used as 
substrate. About 3-fold enzyme induction was observed 
with olive oil along with a marginal increase in the cell mass 
(Figure I). Olive oil at 1% (v/v) was the optimum con-
centration for enzyme induction and the addition of olive oil 
at 4 h of growth gave maximum enzyme activity (Figure 2). 
Extracellular enzyme activity was not observed in cultures 
using tributyrin and p-nitrophenylaceiate as substrates. 
Furthermore, the supernatant obtained after centrifugation 
(100000 f for I h at 4 °C in a ultracentrifuge) of the cell-free 
extract reuined > 98% ofenzyme activity. BBL was purified 
to > 90% purity by ammonium sulphate precipitation 
followed by FPLC using phenyl-Sepharose CL-6B and Q-
Sepharose resins. Higher percentage saturation of ammo-
nium sulphate was required to precipitate the enzyme as 
® 2002 Portland Press Ltd 
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90% 75% 60% 
1 2 3 
90% 75% 60% CFE 
4 5 6 7 
Figure 3 Nattve PAGE of different ammonium sulphate fractions of cell-free 
extract from RRL-BBI 
Lanes 1-3 enzyme activity lanes 4-7 protein staining 
shown in Figure 3 About 72% of enzyme was precipitated by 
ammonium sulphate at 70-90% saturation, showing over 3-
fold specific activity enrichment compared with cell-free 
extract (Table 6) The presence of multiple active bands on 
naave PAGE indicated the aggregation behaviour of the 
enzyme (Figure 3) 
The reconstituted 70-90% precipiute was subiected to 
FPLC using phenyl-Sepharose resin The enzyme adsorbed 
almost irreversibly to the hydrophobic resin in the presence 
ofO I M ammonium sulphate It was desorbed from the resin 
only by using a linear gradient of I % sodium choiate, a 
cationic detergent (Figure 4) The eluted enzyme showed 
a specific activity of 203 units/mg protein which corresponds 
to % 96-fold purification and a recovery of 48% Further 
purification by subjecting the enzyme fraction from the 
phenyl-Sepharose column to FPLC using Q-Sepharose, 
resulted in 213-fold purification with a yield of 26% and a 
specific activity of 450 units/mg protein (Table 6) 
Figure 4 Chromatogram of partially-purified BBI from Bacillus tubti/is 
(RRL-BBI) on FPLC with a phenyl-Sepharose column 
BBL 
Figure S SDS/PAGE (10% gel) of BBL from different purification steps 
Lane I cell free e>rtract lane 2 fraction from salt precipitation lane 3 fraaion 
from HIC lane 4 frartion from Q Sepharose lane 5 molecular mass markers 
Characterization of the enzyme 
SDS/PAGE of the purified enzyme showed a single subunit 
with a molecular mass of 45 kDa (Figure 5) The N-terminal 
ammo acid sequence determined by Edman degradation was 
Table 6 Punfication of ester hydrolase from RRL-BBI 
Enzyme activity was estinnated by titremetnc assay using tnbutynn as substrate 
Sample Total protein (mg) Total activity (units) Specific activity (unrts/mg of protein) Punfication (fold) Yield {%) 
CFE 
70-90% 
Phenyl Sepharose 
Q Sepharose 
732 
MS 
3 70 
090 
1545 
1120 
752 
405 
211 
111 
203 24 
450 
IX) 
366 
9S£4 
213 
100 
72 49 
4867 
2621 
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Thr-Lys-Leu-Thr-Val-Gln-Thr-Arg-Asp-Gly-Ala-Leu-At^-
Gly-Thr-. EMBL and Swiss-Prot databases of known ester 
hydrolases did not reveal any homology with the N-terminal 
amino acid sequence of BBL Although 16S rRNA typing of 
the micro-organism, followed by comparison on BLAST and 
RDP databases, showed > 97% homology with Badllus 
subtilh A.T.C.C. 21331 and other unidentified Badllus species 
used as biocontrol agent, lipases from the mesophillic bacilli 
have been reported to exhibit only 13-15% homology. 
Maximum activity of the purified enzyme BBL was 
obtained at 37 °C and pH 8.0. Thermal stability of the 
«nzyme was checked by incubating the purified enzyme in 
SO mM Tris/HCI buffer at pH 7.0 at different temperature 
(0-60 °C) for 60 min. The enzyme was found to be quite 
stable up to 40 °C. The pH stability was determined by 
incubating purified enzyme at 25 °C at different pH values 
for 2 h. Buffers employed were 50 mM sodium citrate for 
pH 4-6, SO mM Tris/HCI buffer for pH 7-8 and glycine/ 
NaOH for pH9-IO. The enzyme was stable between 
pH 6-10. The influence of selected inhibitors on the activity 
of partially purified enzyme was studied. Bivalent-metal-
chelating agent EDTA (2 mM) caused no significant inhibition 
of enzyme activity; however, the enzyme was completely 
inhibited by the serine active reagent PMSF (2 mM) within 
40 min of incubation. The enzyme was fairly stable with the 
anionic detergent SDS (0.2%, w/v) with 82% residual 
activity, as welt as with Triton X-100 (I %, v/v), deoxycholate 
(I %, w/v), Tween 80 (I %, v/v), methanol (20%, v/v) and 
ethanol (20%, v/v). 
Discussion 
Badllus subtilis (RRL-BBI) produces an enantioselective ester 
hydrolase designated as BBL which shows application in the 
kinetic resolution of several substrates of varied chemical 
struaures like racemic I-(phenyl)ethanol, I-(4-methoxy-
phenyl), I-(4-chlorophenyl) and l-(4-fluorophenyl)ethanols 
and racemic acids such as 2-bromopropanoic acid and 2-
hydroxy-4-phenyl butyric acid showing moderate to high 
enantioselectivity. In secondary alcohols it demonstrated 
high preference for butyrates whereas in primary alcohols 
lower selectivity and reversal of the enantiopreference was 
observed. In the case of carboxylates, moderate selectivity 
with general preference for (S)-isomers was observed as is 
generally reported for serine proteases. The new enzyme, 
therefore, offers the potential to be a useful ester hydrolase 
with wide substrate acceptability. 
The enzyme is an outer-membrane protein as was 
indicated by the presence of more than 98% of the enzyme 
activity in the supernatant derived by ultra-centrifugation of 
cell-free extraa. Although the majority of the lipases and 
esterases reported from the genus Badllus, Pseudomonas 
and Candida are extracellular and are secreted through the 
external membrane into the culture medium [24-27]. 
However, there are reports related to the presence of outer 
membrane bound lipases/esterases in bacteria [28,29]. BBL 
was not exported out of the cell envelope under the 
different growth conditions employed. The identical reaction 
rates observed with intact cells and isolated enzyme indicate 
no substrate-transport limitation, as would be expeaed if 
the enzyme was located in the cytoplasm. 
Changes in the enzyme production by RRL-BB I were 
studied under the influence of different inducers. Most fatty 
acids, their esters, tweens and spans have been reported as 
effective inducers for the production of microbial lipases 
[30]. Of the many inducers tested in the current work, olive 
oil induced the production of BBL by about 3-fold. The 
insignificant increase in the cell mass of the organism grown 
in the presence of olive oil, in comparison with the uninduced 
culture, indicate that olive oil is not being used as a carbon 
source. Induction of hydrophobic lipase by olive oil has also 
been observed in Pseudomonas species strain A.T.C.C. 21808 
[31]. Precipitation of BBL from cell-free extract at higher 
ammonium sulphate concentration was indicative of the fact 
that the enzyme may have low surface hydrophobicity. 
However, this was not in agreement with the aggregation 
behaviour of BBL seen on native PAGE in the form of 
multiple bands. The presence of a high content of hydro-
phobic residues may be responsible for the aggregation 
behaviour of BBL, which is a well-known property of the 
lipases of bacilli [32]. Strong aggregation and an irreversible 
adsorption of BBL to phenyl-Sepharose, a hydrophobic 
resin, almost in the absence of salt Indicate the presence of 
high hydrophobic residues in BBL. Cationic detergents like 
sodium chelate were used to desorb the enzyme which led 
to the appreciable purification of the enzyme without tailing. 
This was the key purification step, which resulted in a 27-fold 
increase in specific activity. Desorption of the microbial 
lipases from the hydrophobic resins with the help of cationic 
detergents like CHAPS has also been shown by other 
workers [33]. The purification procedure resulted in a highly 
active and pure enzyme with a high yield of about 26%. 
contrary to very low yields of 8-14% of purified lipases 
generally reported from many bacterial species [34]. The 
purified enzyme (BBL) exhibited the enantio-selective and 
hydrolytic profile for the kinetic resolution of carblnols 
and carboxylic acids Identical with that of whole cells. 
The N-terminal amino acid sequence determined as 
Thr-Lys-Leu-Thr-Val-Gln-Thr-Arg-Asp-Gly-Ala-Leu-Arg-
Gly-Thr did not reveal any homology with the N-terminal 
amino acid sequence of known lipases, indicating that BBL 
may be a novel hydrolase. Sequencing of the gene and/or the 
active protein in future studies may conclusively prove this 
hypothesis. The molecular mass of BBL is 45 kDa, which is 
relatively higher than the molecular masses of other report-
2002 Portland Press Ltd 
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ed lipases from bacilli [32,35-37] which are generally in the 
range of 16-20 kDa. Like many reported ester hydrolases, 
BBL is fairly stable over the pH range of 6-10 [38]. The 
bivalent-metal<helating agent, EDTA, caused no significant 
inhibition of lipase, indicating that the enzyme is not a 
metaitoprotein. BBL showed stability with 0.2% (w/v) SDS 
with 82% residual activity. The complete inhibition of BBL by 
the serine active reagent PMSF indicates that the enzyme is 
a member of serine hydrolases and the serine residue may be 
easily accessible to the substrate, which is in contrast with 
other bacterial lipases [39]. 
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